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THE  ORIGIN  AND  CONDUCTION  OF  THE  HEART  BEAT 

J.  A.  E.  EYSTER  and  WALTER  J.  MEEK 
From  the  University  of  Wisconsirif  Madison 

In  the  modern  conception  of  t^ie  physiology  of  the  lieart  beat,  two 
contributions  have  played  perhaps  the  most  important  part.  The  first 
of  these  is  the  proof  that  the  activity  of  the  heart  may  be  analyzed  into . 
a  nmnber  of.  different  physiological  properties  or  functions.  The  mOre 
important  of  these  are  automaticity,  conductivity  and  contractility; 
properties  too  well  recognized  today  to  require  definition  or  explanation. 
These  properties  are  developed  in  diiBFerent  degrees  in  different  parts  of 
the  heart.  The  heart  beat  aiises  in  a  relatively  small  area  which, 
because  it  possesses  the  property  of  automaticity  to  the  highest  degree, 
initiates  impulses  for  the  rest  of  the  heart.  These  impulses  pass  to  all 
parts  of  the  heart  by  virtue  of  the  property  of  conductivity  and  cause 
contraction  of  the  muscle  fibers  of  the  chambers.  Removal  of  the  influ- 
ence of  the  region  of  highest  automaticity  by  its  destruction,  by  its 
fimctional  separation,  or  finally  by  reduction  of  its  automatic  power  by 
cooling  or  other  means,  results  in  some  other  region  of  lower  automaticity 
assuming  the  function  of  impulse  initiation.^  Under  these  circum- 
stances the  original  "pacemaker^'  is  quiescent  or  continues  to  beat  at 
its  original  rate  but  without  influence  upon  the  remainder  of  the  heart. 
This  fundamental  conception  was  developed  by  work  on  the  cold-blooded 
heart  through  the  pioneer  experiments  of  Stannius  and  the  brilliant 
extension  and  interpretation  of  these  by  Gaskell  and  Englemann.  Ac- 
cording to  Gaskell  and  Englemann,  all  parts  of  the  heart  have  auto- 
maticity but  in  different  degrees,  this  property  being  most  developed 

>  Why  the  most  automatic  region  should  dominate  the  remainder  of  the  organ 
and  keep  in  abeyance  the  automatic  power  of  other  regions  will  probably  not  be 
entirely  clear  until  the  nature  of  the  "inner  stimulus"  and  the  processes  that 
underlie  the  initiation  of  the  impulse  are  understood.  The  fact  is  that  auto- 
matic power  in  any  region  only  becomes  manifest  when  removed  from  the  influ- 
ence of  impulses  coming  to  this  region  at  a  more  rapid  rate  than  the  region  itself 
is  capable  of  initiating. 
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at  the  venous  end,  and  least  within  the  ventricles.  The  seat  of  im- 
pulse initiation  normally  resides  within  the  sinus  venosus.  Gaskell, 
correllating  this  difference  in  rhythmic  power  in  different  regions  with 
the  enibryonic  development,  regards  it  as  most  pronounced  in  those 
regions  which  retain  to  the  greatest  degree  the  "embryonic  character- 
istics" and  are  least  specialized  for  the  purposes  of  contraction  and  the 
propulsion  of  blood. 

The  other  contribution  which  we  regard  as  f imdamental  for  the  present 
conception  of  the  heart  beat,  is  the  series  of  physiological  observations 
which  indicates  that  recently  discovered  anatomical  structures  in  the 
heart  have  the  function  of  initiating  and  distributing  the  impulse  or 
excitation  to  the  contractile  muscle  tissues  of  the  auricles  and  ventri- 
cles. Since  much  of  the  work  contributary  to  this  conception  of  cardiac 
activity  is  of  comparatively  recent  date,  we  consider  it  proper  to  discuss 
it  in  some  detail  imder  separate  headings. 

ANATOMICAL  CONSIDERATIONS 

The  conception  of  the  origin  and  conduction  of  the  heart  beat  in 
mammals  now  most  widely  prevalent,  is  intimately  associated  with 
certain  recent  histological  observations,  which  tend  to  support  the  view 
of  an  anatomical  as  well  as  a  physiological  separation  of  those  different 
properties  of  cardiac  tissue,  namely,  automaticity,  conductivity  and 
contractility.  The  first  of  these  observations  was  the  discovery  of 
His  (1)  that  a  separate  bundle  of  tissue  crosses  the  auriculo-ventricular 
jimction  in  the  mammalian  heart.  The  proof  of  its  functional  import- 
ance for  conduction  of  the  impulse  was  carried  out  by  His  (2),  Humblet 
(3),  Bering  (4)  and  especially  Erlanger  (5).  A  new  realization  of  the 
importance  of  the  tjrpe  of  tissue  comprising  this  structure  developed, 
however,  from  the  observations  of  Tawara  and  of  Keith  and  Flack. 
The  histological  observations  of  Tawara  (6)  showed  that  the  bundle  is 
composed  of  tissue  which  differs  from  the  usual  type  of  cardiac  muscle, 
and  that  it  forms  a  part  of  an  extensive  system  connecting  the  auricles 
with  the  ventricles.  The  bimdle  begins  above  in  a  network  of  inter- 
lacing fibers  of  peculiar  structure,  lying  near  the  base  of  the  interauricu- 
lar  septum  above  the  middle  cusp  of  the  tricuspid  valve  (the  auriculo- 
ventricular  node),  and  ends  below  in  an  extensive  branching  system 
reaching  all  parts  of  the  endocardial  surface  of  the  two  ventricles. 
The  terminal  branches  are  composed  of  large  cells  with  prominent 
nuclei,  the  previously  known  Purkinje  cells.  The  auriculo-ventricular 
node  shows  marked  histological  differentiation  from  the  usual  muscu- 
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lature  of  the  auricles  and  ventricles,  and  its  discovery  presented  an 
entirely  new  contribution  to  our  knowledge  of  the  more  intimate  struc- 
ture of  the  heart. 

The  presence  of  a  similar  collection  of  tissue  in  the  sulcus  tenninalis 
between  the  superior  vena  cava  and  the  right  auricle  (the  sino-auricular 
node),  was  discovered  by  Keith  and  Flack  (7)  in  1906.  This  tissue  had 
been  apparently  observed  previously  by  Wenckebach  (8),  who  however 
interpreted  it  as  a  iSbrous  separating  wall  with  a  small  bundle  crossing 
it  connecting  the  superior  vena  cava  with  the  right  auricle.  Its  struc- 
tural identity  with  the  auriculo-ventricular  node  was  appreciated  by 
Keith  and  Flack,  and  these  workers  regarded  it  as  forming  an  important 
rejnains  of  the  sinus  venosus,  and  therefore  probably  important  from 
the  functional  standpoint  of  impulse  initiation.  The  main  histological 
elements  of  both  the  auriculo-ventricular  and  sino-auricular  nodes  are 
slender,  interlacing  fibers,  which  stain  lightly,  contain  many  elongated 
nuclei  and  are  imbedded  in  closely  packed  connective  tissue.  The  sar- 
coplasm  is  relatively  large  in  amount  and  the  fibrillae  much  less  numer- 
ous than  in  the  usual  cardiac  muscle  fiber.  Nuclei  are  present  in  large 
numbers  and  nerve  fibers  and  ganglia  are  abimdant  within  and  near 
the  node  (9),  (10).  Both  nodes  also  receive  a  special  and  profuse  blood 
supply.* 

The  anatomical  characteristics  of  the  nodes,  the  distribution  of  the 
ventricular  sjrstem  of  fibers  and  the  exact  position  and  extent  of  the 
two  nodes  have  been  studied  by  numerous  subsequent  workers.  The 
observations  quoted  above  have  been  abimdantly  confirmed  and  many 
other  important  facts  added.  Observations  from  the  developmental 
standpoint,  by  embryological  studies  made  on  a  single  species  or  by 
comparative  studies  in  different  species,  have  especial  interest  in  rela- 
tion to  the  physiological  importance  and  interpretation  of  the  function 
of  these  structures.  It  is  beyond  the  scope  of  this  paper  to  consider 
this  work  in  detail;  but  certain  conclusions  that  may  be  drawn  from  the 
work  of  Koch,  (12),  (13),  (14),  (15);  (16),  Keith  (17),  Keith  and  Mac- 
kenzie (18),  Mackenzie  (19),  (20),  Kiilbs  (21),  Aschoff  (22)  and  others, 
based  in  part  on  the  older  embryological  observations  of  His  and  Bom, 
would  seem  to  be  of  suflScient  importance  to  warrant  presentation. 

*  In  further  support  of  the  anatomical  and  functional  similarity  of  the  two 
nodes,  there  may  be  mentioned  the  presence  of  an  unusually  high  glycogen  con- 
tent in  each,  (11)  and  the  fact,  noted  by  Koch  (12),  that  neither  node  takes  part 
in  hypertrophy  or  atrophy  affecting  the  usual  cardiac  muscle  of  the  auricles  and 
ventricles. 
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1.  The  sino-auricular  node  and  a  part  at  least  of  the  auriculo-ven- 
tricular  node  are  derived  from  the  primitive  sinus  venosus.  The  auri- 
culo-ventricular  node  is  divided  into  two  parts,  an  auricular  portion,  or 
"atrial  node''  and  a  ventricular  portion  (22),  (16).  The  former  is  prob- 
ably derived,  along  with  the  sino-auricular  node,  from  the  primitive 
sinus  valves,  while  the  latter  arises  from  the  auricular  canal  (23).  The 
atrial  node  surrounds  the  opening  of  the  coronary  sinus  and  is  sometimes 
designated  as  the  coronary  sinus  portion  of  the  auriculo-ventricular  node. 

2.  The  auriculo-ventricular  bundle  and  probably  a  part  of  the 
auriculo-ventricular  node  are  derived  from  the  auricular  canal  of  the 
primitive  heart.  In  the  lower  adult  reptilian  heart,  and  in  the 
early  mammalian  embryo,  the  auricular  canal  forms  a  prominent  con- 
nection running  from  the  junction  of  the  sinus  and  atrium  to  the  ven- 
tricle. The  auricle  is  in  large  part  a  side  growth  from  this  canal. 
There  is  present  a  muscular  path  connecting  sinus  and  ventricle  which, 
according  to  Mall  (24),  can  be  still  recognized  in  the  8  mm.  embryo  as  a 
broad  strand  connecting  these  two  regions. 

3.  In  the  adult  hearts  of  amphibia  and  reptiles,  the  auriculo-ventricu- 
lar connection  consists  of  two  broad  circular  bands  of  vertically  coursing 
fibers,  forming  really  a  right  and  left  bundle,  passing  down  from  the 
lower  border  of  the  auricles  deeply  into  the  ventricle,  where  connec- 
tions are  made  with  the  ventricular  muscle.  The  separation  into  two 
halves  results  from  the  presence  of  the  large  auriculo-ventricular  valves 
posteriorly  and  the  large  vessels  anteriorly.  The  fibers  comprising 
these  bundles  are  clearly  diflFerentiated  from  the  myocardium  by  their 
histological  resemblance  ^to  the  auriculo-ventricular  bundle  of  the  mam- 
malian heart  and  by  the  presence  of  a  connective  tissue  envelope.  Fur- 
ther development  leads  to  a  greater  and  greater  concentration  of  the 
fibers  anteriorly  with  a  disappearance  of  other  parts  of  the  ring,  until 
in  the  mammalia  the  sole  connection  between  auricles  and  ventricles  is 
by  a  single  collection  of  fibers  originating  in  the  auriculo-ventricular 
node  and  dividing  at  the  anterior  part  of  the  base  of  the  interventri- 
cular septum  to  form  branches  to  each  ventricle,  the  auriculo-ventricu- 
lar bundle  of  His. 

4.  A  sino-auricular  junction,  containing  nodal  tissue  similar  in 
structure  to  the  sino-auricular  and  auriculo-ventricular  nodes  of  the 
manmialian  heart,  is  found  at  the  right  auricular  border  of  the  sinus 
venosus  in  the  tortoise  and  selachian  heart.  In  the  eel,  the  nodal 
tissue  is  quite  diffuse  throughout  the  wall  of  the  sinus,  but  accumulated 
somewhat  more  abundantly  at  the  junction  between  the  sinus  and  the 
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auricle.  In  the  tortoise,  the  nodal  tissue  forms  an  almost  complete 
circle  at  this  junction.  In  the  bird^s  heart,  histological  differentiation 
has  proven  of  some  diflSculty,  and  it  was  at  first  thought  that  the  system 
of  nodal  tissue  was  absent  (19),  (20).  Subsequent  work,  however,  re- 
vealed the  presence  of  nodal  tissue,  although  there  seems  to  be  con- 
siderable doubt  as  to  whether  a  sino-auricular  node  is  present  separate 
from  the  auricular  portion  of  the  auriculo-ventricular  node  (atrial  node) 
(23).  In  the  lower  mammals,  nodal  tissue  is  extensively  distributed 
along  the  original  sino-auricular  junction,  while  in  the  higher  mammals 
it  tends  to  become  concentrated  near  the  termination  of  the  superior 
vena  cava. 

5.  Other  remains  of  the  sinus  venosus,  besides  that  forming  the  sino- 
auricular  and  a  part  of  the  auriculo-ventricular  nodes,  probably  exist 
in  the  adult  mammalian  heart.  The  cross  striated  fibers  at  the  mouth 
of  the  superior  vena*  cava  have  been  especially  noted  in  this  connection. 

6.  While  Keith  and  Flack,  and  Koch  have  described  rather  extensive 
connections  between  the  sino-auricular  node  and*  the  auricular  muscu- 
lature, most  investigators  have  been  imable  to  trace  any  connection 
between  the  sino-auricular  and  auriculo-ventricular  nodes,  which  shows 
any  anatomical  diflFerentiation  from  the  usual  cardiac  muscle.  On  all 
sides,  short  ramifications  from  the  node  disappear  into  the  surrounding 
muscle.  The  supraventricular  connections  of  the  auriculo-ventricular 
node  likewise  appear  to  consist  of  numerous  short  branches  extending 
out  into  the  surroimding  muscle.  Curran  (25),  however,  has  described 
rather  extensive  bundle  connections  of  the  auriculo-ventricular  node 
with  the  superior  vena  cava,  right  auricle  and  left  auricle,  and  Thorel 
(26)  foimd  numerous  branches  from  each  node,  consisting  in  large  part 
of  Purkinje  cells,  and  making  connection  in  the  region  of  the  coronary 
sinus.  Thorel's  findings  have  been  denied  by  Aschoflf  and  Monckeburg 
(27),  Koch  (15)  and  others. 

THE  ORIGIN  OF  THE  CARDIAC  IMPULSE  IN  THE  LOWER  VERTEBRATES 

All  of  the  older  workers  placed  the  origin  of  the  beat  in  the  tortoise 
and  frog  within  the  sinus  venosus  (28),  (29)  or  at  the  junction  of  this 
chamber  with  the  veins  (30).  More  recently  Garrey  (31),  working  with 
the  hearts  of  large  tortoises  and  employing  inspection  and  records  by 
suspension,  concluded  that  the  beat  began  not  in  the  sinus  venosus, 
but  in  the  right  vein.  This  structure,  according  to  Garrey,  beats  an 
appreciable  interval  before  the  sinus,  and  there  may  be  recognized  a 
veno-sinal  interval  comparable  to  the  sino-auricular  and  auriculo-ven- 
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tricular  intervals.  The  tortoise  heart  is  thus  regarded  as  consisting  of 
four,  rather  than  three,  functional  chambers,  each  beating  alone  and 
followed  by  the  contraction  of  the  next  lower  chamber  after  an  appreci- 
able pause.  Meek  and  Eyster  (32),  using  the  electrical  method,  located 
the  seat  of  initial  impulse  formation  in  the  sinus  venosus,  and  in  a  later 
work  (33),  in  which  large  turtles  were  used,  the  exact  location  was  deter- 
mined in  the  sino-auricular  junction.  This  latter  position  as  the  seat 
of  origin  of  the  impulse  in  the  tortoise  heart  has  also  been  arrived  at  by 
Schlomovitz  and  Chase  (34),  as  a  result  of  experiments  in  which  the 
pacemaker  was  located  by  the  method  of  local  heating  and  cooling. 

In  the  bird's  heart  Flack  (35)  was  imable  to  demonstrate  any  specific 
or  noteworthy  effect  on  electrical  or  mechanical  stimulation  of  the  junc- 
tion of  the  venae  cavae  with  the  right  auricle,  and  also  foimd  that  cold 
applied  to  this  region  was  less  effective  in  slowing  the  whole  heart  than 
when  applied  to  the  right  atrium.  Mangold  and  Kato  (36),  however, 
localized  the  seat  of  impulse  formation  in  the  bird's  heart,  by  the  method 
of  local  cooling,  at  the  junction  of  the  right  superior  and  inferior  vena 
cava  with  the  right  auricle.  Since  histological  observations  carried  out 
by  others  (18),  (19)  had  failed  to  reveal  nodal  tissue  in  this  region, 
Mangold  and  Kato  were  inclined  to  believe  that  the  origin  of  the  heart 
beat  in  birds  was  in  the  usual  cardiac  muscle  and  not  associated  with 
nodal  tissue.  Subsequently,  however,  Mangold  (37)  associated  the 
origin  of  the  beat  with  nodal  tissue,  but  rather  with  the  auricular  por- 
tion of  the  auriculo-ventricular  node  (atrial  node)  than  with  the  sino- 
auricular  node.  This  conclusion  was  based  on  the  view  of  Aschoff  (23), 
that  the  sino-auricular  node  is  not  present  in  the  bird's  heart,  and  the 
fact  that  the  removal  of  the  influence  of  the  normal  seat  of  initiation 
by  local  cooling  (38)  results  in  a  rhjiihm  in  which  the  ventricular  beats 
precede  the  auricular  beats,  and  in  which  distiu'bances  of  conduction 
dcciu",  with  a  more  rapid  ventricular  than  auricular  rate.  This  type  of 
rhythm  is  similar  to  that  obtained  by  Zahn  (39)  in  mammals  as  a  result 
of  cooUng  the  auricular  portion  of  the  auriculo-ventricular  node,  and 
quite  different  from  the  type  of  rhythm  obtained  by  cooling  the  sino- 
auricular  node  in  these  animals  (see  page  18).'    Mangold  (38)  also 

'  The  rapid  heart  rate  normally  present  in  birds  make  the  study  of  the  origin 
and  conduction  of  the  beat  difficult  in  these  animals.  Mangold  states  that 
it  is  frequently  necessary  artificially  to  slow  the  rate  of  the  beat.  This  is  un- 
doubtedly a  procedure  associated  with  possibilities  of  great  error,  since  many 
experiments  indicate  that  it  may  result  in  removal  of  the  seat  of  impulse  for- 
mation from  its  normal  position.  This  fact,  combined  with  the  uncertainty  as 
to  the  exact  character  and  relation  of  the  nodal  tissues  in  these  animals,  places 
the  whole  problem  in  a  somewhat  unsatisfactory  state. 
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found  that  the  region  of  the  bird's  heart  that  is  susceptible  to  local 
cooling,  showed  initial  negativity  when  compared  with  the  right  atrium 
(see  page  20). 

EABLT  EXPERIMENTAL  OBSERVATIONS  ON  THE  MAMMALIAN  HEART 

The  anatomical  discoveries  described  in  a  preceding  section  have  pro- 
foimdly  influenced  the  point  of  view  of  those  investigators  who  have 
attempted  to  throw  light  upon  the  problems  of  the  origin  and  conduc- 
tion of  the  excitation  in  the  mammalian  heart.  The  earlier  workers 
directed  their  attention  particularly  to  the  lower  part  of  the  superior 
vena  cava  or  the  intercaval  regions,  in  the  belief  that  these  parts  repre- 
sent principal  homologues  of  the  primitive  sinus  venous,  while  since  the 
description  of  the  nodes  and  th^  ventricular  conduction  system,  the 
main  question  has  been  the  importance  of  these  structures  for  impulse 
initiation  and  conduction.  It  would  seem  advisable,  therefore,  to 
describe  first  certain  of  the  more  recent  researches  which  were  carried 
out  before  these  structures  were  described  or  without  special  reference 
to  them,  linking  them  up  in  certain  instances  with  a  few  more  recent 
repetitions  or  extensions  of  earlier  observations. 

One  of  the  first  investigators  to  apply  modern  experimental  methods 
to  the  study  of  this  problem  in  the  mammalian  heart  was  Mac  William 
(40).  Employing  the  principle  elucidated  by  Gaskell  (41)  in  work 
on  the  cold-blooded  heart,  that  the  rate  of  beat  of  the  whole  heart  was 
affected  by  heat  and  cold  only  when  applied  to  the  region  initiating 
the  impulse,  he  found  that  mild  heat  applied  to  the  terminal  portions 
of  the  vena  cava  caused  acceleration  of  the  whole  heart,  while  it  was 
ineffective  when  applied  to  the  ventricles.  He  did  not  state  whether 
or  not  other  regions  of  the  veins  or  auricles  were  tested.  Adam  (42) 
localized  more  accurately  the  area  affected  by  heat,  finding  this  within 
the  intercaval  region  and  the  point  of  maximum  sensitiveness  near  the 
inferior  vena  cava.  Langendorff  and  Lehmann  (43)  excised  the  region 
described  by  Adam  in  artificially  perfused  rabbits'  and  cats'  hearts, 
and  found  permanent  auricular  stoppage  with  temporary  cessation  of 
ventricular  activity.  If  the  hearts  were  perfused  with  defibrinated 
blood  instead  of  saline  solution,  the  results  were  less  pronounced,  slowing 
occurring  in  rabbits',  but  in  only  one  of  four  cats'  hearts,  and  in  no  case 
did  ventricular  quiescence  result.  In  two  rabbits,  the  region  was  ex- 
cised from  the  heart  in  situ.  In  one  of  these  the  auricles  stopped  for 
over  a  minute,  in  the  other  the  rate  was  much  slowed.  After  the  exci- 
sion the  ventricle  showed  a  shortened  compensatory  pause  following  an 
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extrasystole,  while  previously  ventricular  extrasystoles  had  been  asso- 
ciated with  a  full  compensatory  pause.  This  indicated  that  the  ven- 
tricle assumed  the  function  of  impulse  initiation,  and  further  support 
for  this  view  was  found  in  the  reaction  of  the  ventricle  to  heat  and  cold 
after  the  excision  in  the  intercaval  region.  Langendorflf  and  Lehmann 
were  of  the  opinion  that  neither  the  auricles  nor  the  venae  cavae  have 
the  power  of  independent  automaticity,  and  in  subsequent  experiments 
of  Lehmann,  reported  by  Langendorflf  (44),  it  was  found  that  the 
auricular  appendages  of  both  right  and  left  auricles  were  not  automatic, 
although  automaticity  could  be  developed  within  them  by  various 
external  stimuli.  Erlanger  and  Blackmann  (45)  repeated  these  experi- 
ments and  obtained  transitory  stoppage  of  the  ventricles  with  recovery 
at  a  slower  rhythm.  They  also  investigated  the  automaticity  of  vari- 
ous portions  of  the  supraventricular  regions  of  the  heart  by  determining 
the  rate  of  beat  of  isolated  strips.  The  right  atrium,  near  its  junction 
with  the  superior  vena  cava,  was  found  to  have  the  highest  automaticity 
in  the  sense  that  it  contracted  at  a  higher  rate  than  other  regions  when 
isolated.  The  next  most  automatic  region  was  found  in  the  tissue  near 
the  coronary  sinus.  All  parts  of  the  right  atrium,  however,  showed 
evidence  of  automaticity.  Strips  prepared  from  the  left  atrium  rarely 
showed  independent  rhythmic  beating.  Erlanger  and  Blackmann 
noted  that  the  auricles  and  ventricles  often  beat  simultaneously  after 
removal  of  the  region  of  the  mouth  of  the  superior  vena  cava  (auriculo- 
ventricular  or  "nodal  rhythm").  Subsequent  experiments  by  Erlanger 
(46),  carried  out  with  reference  to  the  importance  of  the  nodal  tissue, 
are  summarized  on  page  19.  Hering  (47)  reported  that  a  cut  about  2 
cm.  long  in  the  long  axis  of  the  superior  vena  cava,  extending  across  the 
sulcus  terminalis  into  the  auricle,  caused  prolonged  stoppage  of  the 
supraventricular  regions  in  a  single  experiment  on  an  excised,  arti- 
ficially perfused  dog's  heart.  He  obtained  similar  results  in  other  ex- 
periments from  single  cuts  made  along  the  line  of -the  sulcus  terminalis. 
A  number  of  the  earlier  workers  attempted  localization  of  the  seat  of 
impulse  initiation  by  observing  that  region  which  continued  beating 
longest  in  the  dying  heart,  on  the  assumption  that  this  part  was  nor- 
mally the  most  automatic.  The  results,  as  might  be  expected,  were 
quite  divergent.  The  "ultimum  moriens"  was  placed  by  Mac  William 
(40)  and  by  Hering  (48)  at  the  jimction  of  the  superior  vena  cava  and 
right  auricle,  and  by  Fredericq  (49)  in  a  region  lower  down  between  the 
two  venae  cavae.  Hering  (50),  subsequent  to  the  description  of  the 
sino-auricular  and  auriculo-ventricular  nodes,  located  the  region  of  the 
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last  surviving  contractions  in  most  cases  along  the  sulcus  terminalis, 
in  the  remaining  instances  in  the  region  of  the  coronary  sinus  (coronary- 
sinus  or  atrial  portion  of  the  auriculo-ventricular  node).  E3rlanger  and 
Blackmann  (45)  made  no  more  exact  localization  of  the  ultimum  mori- 
ens  than  the  region  of  the  great  veins  as  a  whole.  Hirschfelder  and 
Eyster  (51)  observed  contractions  of  the  mouths  of  the  great  veins 
rarely  in  dying  hearts,  and  when  such  contractions  occurred  there  was 
usually  complete  dissociation  between  these  and  the  contractions  of  the 
auricle.  Koch  (52)  foimd  that  the  region  of  the  coronary  sinus  was 
the  last  to  show  contraction  in  the  dying  hearts  of  stillborn  infants. 
In  three  such  cases  he  cut  away  successively  portions  of  the  caval  and 
intercaval  regions,  right  atrium  and  interauricular  septiun.  No  change 
in  ventricular  rate  resulted  until  the  lower  third  of  the  septum  and  the 
region  of  the  coronary  sinus  was  removed,  when  ventricular  activity 
ceased.  In  the  light  of  subsequent  work  it  seems  probable  that  these 
hearts  were  in  auriculo-ventricular  or  "nodal  rhythm"  when  the  obser- 
vations were  made.  More  recent  experiments  of  Eyster  and  Meek  (53), 
in  which  the  seat  of  the  ultimum  moriens  was  compared  with  the  seat 
of  impulse  initiation  as  determined  by  the-  electrical  method,  have 
proved  that  the  ultimmn  moriens  is  variable  in  position  and  may  not 
coincide  with  the  region  which  acts  as  the  pacemaker  in  the  normal 
heart  nor  even  in  the  dying  heart.  The  somewhat  gratuitous  assump- 
tion of  the  association  of  these  two  is  therefore  not  supported  by  direct 
observation.  These  experiments  moreover  showed  that  impulse  ini- 
tiation may  occur  in  a  region  showing  no  visible  contraction.* 

Several  other  experimental  observations,  either  preceding  the  discov- 
ery of  the  sino-auricular  and  auriculo-ventricular  nodes  or  made  with- 
out especial  reference  to  these  structures,  are  worthy  of  record.  Fred- 
ericq  (54)  studied  conduction  between  the  two  auricles  and  between  the 
auricles  and  ventricles  by  partially  separating  these  chambers  from  the 
interauricular  septum  in  dogs'  hearts  under  isolation  and  artificial  per- 
fusion. It  was  foimd  that  after  cutting  away  the  venae  cavae  and  a 
large  part  of  the  right  auricle  bordering  the  veins  that  the  two  auricles 
contracted  synchronously.  Complete  separation  of  the  two  auricles, 
by  a  cut  along  the  interauricular  septum,  produced  allorrhythmia,  and 
the  ventricles  continued  to  beat  in  rhythm  with  the  auricle  that  retained 

*  This  observation  suggests  therefore  that  the  differentiation  of  automaticity 
and  contractility  may  be  complete  in  certain  parts  of  the  mammalian  heart, 
and  that  regions  in  which  the  former  property  is  most  highly  developed  may 
have  lost  the  power  of  contraction. 
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connection  with  the  septum.  Only  a  small  bridge  of  connecting  tis- 
sue (about  1  cm.  in  breadth),  and  indiflFerently  situated,  was  sufficient 
to  maintain  a  conmion  rhythm  of  the  two  chambers.  These  observa- 
tions were  confirmed  by  Hering  (55).  Similar  observations  carried  out 
by  Fredericq  (56)  more  recently,  in  which  dogs'  hearts  in  situ  were  used 
and  functional  separation  obtained  by  clamping,  also  indicated  that 
complete  separation  of  the  right  auricle  from  the  interauricular  septum 
abolished  its  influence  on  the  left  auricle  and  ventricles,  which  then 
beat  independently  and  usually  simultaneously.  Separation  of  the  left 
aimcle  from  the  septum  usually  resulted  in  quiescence  of  this  chamber. 

While  it  has  been  generally  recognized  that  graphic  records  secured 
by  suspension  methods  are  difficult  of  application  to  the  manmialian 
heart  in  any  attempt  to  analyze  the  contraction  wave  within  individual 
chambers,  rfue  to  the  rapid  contraction,  blood  movements  and  periods 
of  common  activity  in  one  or  more  chambers,  there  have  been  a  few 
efforts  to  analyze  curves  of  this  type.  Rehfish  (57)  foimd  in  graphic 
curves  taken  by  suspension  from  the  auricle,  a  small  wave,  particularly 
pronoimced  during  the  slowing  obtained  by  vagus  stimulation,  which 
immediately  preceded  the  wave  due  to  contraction  of  the  main  mass 
of  the  auricle.  He  referred  this  wave  to  contraction  of  the  region  initi- 
ating the  impulse,  the  mouth  of  the  superior  vena  cava.  A  wave  on 
the  venous  pulse  described  by  Eyster  (58),  which  preceded  the  auricular 
wave  in  slow-beating  human  hearts,  had  apparently  a  diastolic  rather 
than  systolic  origin.  Extrasystoles  produced  by  stimulating  of  the 
veno-auricular  junction  or  the  mouth  of  the  superior  vena  cava  in  dogs, 
produced  the  usual  type  of  venous  pulse  without  a  wave  preceding  the 
auricular  wave.  A  splitting  of  the  auricular  wave  of  the  electrocardio- 
gram, interpreted  as  indicating  separate  activity  of  the  seat  of  impulse 
initiation  and  the  main  musculature  of  the  right  auricle,  has  been  noted 
by  Hering  as  a  result  of  vagus  stimulation  and  by  Eyster  and  Meek 
(59)  after  partial  isolation  of  the  sino-auricular  node.^ 

One  of  the  most  important  observations  contributing  to  our  present 
interpretation  of  the  heart  beat,  is  that  after  destruction  or  suppression 
of  the  normal  pacemaker,  the  function  of  impulse  initiation  in  most 

*  Axial  electrocardiograms,  made  with  a  very  sensitive  string  galvanometer 
from  the  tortoise,  show  a  wave  preceding  the  auricular  or  P  wave,  due  to  the 
contraction  of  the  sinus  venosus  (59).  The  fact  that  such  differentiation  of 
activity  is  not  evident  in  the  mammalian  electrocardiogram  is  probably  due  to 
the  more  rapid  spread  of  the  impulse  and  a  shorter  interval  comparable  to  the 
sino-auricular  interval  of  the  lower  vertebrates. 
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cases  is  assumed  by  some  region  lying  near  the  auriculorventricular 
boundary.  The  impulses  originating  from  this  region  reach  the  auricles 
and  ventricles  at  or  near  the  same  time,  so  that  these  chambers,  instead 
of  contracting  in  their  usual  sequence,  beat  exactly  or  nearly  simul- 
taneously. This  rhythm  is  known  as  auriculo-ventricular  or  nodal 
rhythm,  and  was  first  clearly  described  by  Englemann  (60).  After  the 
application  of  the  first  Stannius  ligature  (ligature  between  sinus  venosus 
and  auricle)  in  frogs'  hearts,  he  found  that  in  certain  experiments  the 
auricles  and  ventricles  beat  simultaneously  or  nearly  so.  On  the  as- 
sumption that  the  excitation  spread  from  its  origin  in  all  directions  at 
the  same  rate,  Englemann  concluded  that  it  must  arise  under  these 
conditions  on  the  ventricular  side  of  the  auriculo-ventricular  ring.  A 
year  later,  Lohm^nn  (61)  observed  that  spontaneous  beats  that  broke 
through  vagal  inhibition,  both  in  the  tortoise  and  rabbit  heart,  often 
showed  a  greatly  reduced  As-Vs  interval.  He  concluded  that  the  seat 
of  impulse  formation  in  these  was  in  the  "Bruckenfasem"  connecting 
auricles  and  ventricles  and  stated  that  accordingly  as  the  ventricular, 
middle  or  auricular  portion  of  these  structures  became  automatic,  the 
intervals  were  negative  (i.e.,  Vs-As),  zero,  or  positive  in  value.  By 
stimulating  the  auriculo-ventricular  junction  with  electrical  currents,  he 
produced  a  rhythm  in  which  the  intervals  were  permanently  shortened. 
A  clinical  case  in  which  the  a-c  interval  of  the  venous  pulse  was  zero 
was  reported  by  Mackenzie  (62)  in  the  same  year,  and  Hering  (63)  in 
1905  reported  shortened  As-Vs  intervals  on  accelerator  and  vagus 
stimulation  in  dogs.  Lohmann  (64),  in  a  later  work,  secured  auriculo- 
ventricular  rhythm  in  rabbits'  hearts  as  a  result  of  the  application  of 
formalin  to  the  mouth  of  the  superior  vena  cava.  He  made  no  refer- 
ence in  this  paper  either  to  the  sino-auricular  or  auriculo-ventricular 
nodes,  but  seems  to  have  been  the  first  to  recognize  clearly  that  the 
destruction  of  the  influence  of  the  normal  pacemaker  results  in  the 
removal  of  the  function  of  impulse  initiation  to  some  region  between 
the  aiuicles  and  ventricles.  He  stated  that  this  may  occur  either  as  a 
result  of  the  suppression  of  the  influence  of  the  normal  pacemaker,  or  by 
heightening  the  automaticity  of  the  lower  region  by  electrical  stimula- 
tion of  the  auriculo-ventricular  boundary.  Further  observations  on 
the  seat  of  impulse  formation  in  auriculo-ventricular  rhythm  are  sum- 
marized in  the  next  section. 
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OBSERVATIONS  ON  THE  IMPORTANCE   OF  THE  SINO-AURICULAR  AND 
AURICULO-VENTRICULAR  NODES 

With  the  description  of  the  nodes  and  the  auricular  and  ventricular 
connections  of  the  auriculo-ventricular  bundle,  renewed  interest  was 
aroused  in  the  problem  under  consideration.  This  increased  interest 
is  indicated  by  the  large  number  of  recorded  observations  and  the  ap- 
plication of  new  methods  or  the  elaboration  of  older  methods  of  study. 
The  methods  of  inspection,  mechanical  recording,  the  effect  of  heat 
and  cold,  the  study  of  automaticity  in  isolated  strips,  isolation  of  parts 
in  the  excised  heart  or  the  heart  in  situ  by  cutting  or  clamping,  have 
been  employed  in  more  extensive  observations  and  with  greater  refine- 
ment. The  most  important  of  the  new  methods  is  that  which  deter- 
mines the  region  of  initiation  and  the  path  of  conduction  of  the 
excitation  by  recording  the  accompanying  electrical  current.  Although 
action  currents  from  the  heart  had  been  recorded  with  the  capillary  elec- 
trometer as  early  as  1879  by  Burdon-Sanderson  and  Page  (65),  and 
later  by  Waller  (66)  and  by  Bayliss  and  Starling  (67),  it  was  not  imtil 
the  modification  and  adaptation  of  the  string  galvanometer  to  ph3^o- 
logical  purposes  by  Einthoven,  that  this  method  was  applied  inten- 
sively to  a  study  of  the  origin  and  conduction  of  the  impulse.  The 
electrical  method  has  been  applied  in  two  ways.  In  one  the  propagation 
of  the  wave  of  negative  potential  has  been  studied  by  the  application 
of  electrodes  directly  to  the  heart.  In  this  method  the  onset  and  direc- 
tion of  the  wave  determines  the  point  of  initial  negativity,  and  the  path 
of  progression  and  the  velocity  can  be  calculated  by  the  time  required 
for  the  wave  to  pass  between  two  or  more  electrodes.  This  method  had 
been  widely  used  previously  in  skeletal  muscle  and  in  nerve.  In 
the  other,  leads  from  the  body  surface  are  used  to  record  the  summated 
action  currents  of  the  heart  in  the  form  of  the  electrocardiogram,  and 
the  curves  then  submitted  to  analysis.  In  general  it  may  be  said  that 
the  former  has  yielded  more  definite  information,  while  the  latter  has 
been  of  most  value  in  adding  further  evidence,  and  information  relative 
to  the  path  of  conduction  in  the  human  heart. 

While  we  do  not  wish  to  minimize  the  importance  of  many  of  the 
results  obtained  by  other  methods  of  study,  we  believe  that  the  most 
extensive  and  reliable  information  that  we  possess  at  present  has  been 
gained  through  the  adaptation  of  the  electrical  method.  We  shall 
therefore  devote  a  separate  section  to  this  subject  and  consider  here 
only  the  more  recent  observations  made  by  the  application  of  other 
methods. 
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Tawara  (68),  following  his  discovery  of  the  auriculo-ventricular  node, 
suggested  that  it  represented  the  primary  motor  center  of  the  heart, 
and  Keith  and  Flack  (7)  ascribed  the  same  function  to  the  sino-auricular 
node  in  their  paper  first  describing  this  structure.  Several  years  elapsed, 
however,  before  experimental  observations  were  carried  out.  In  1910 
a  number  of  papers  dealing  with  experimental  studies  appeared  almost 
simultaneously.  The  first  of  these  to  be  reported  were  the  experiments 
of  Jaeger  (69),  who  destroyed  a  wide  region,  including  the  sino-aurjcular 
node,  by  application  of  the  thermo-cautery  in  a  series  of  dogs  and  cats. 
From  the  diagrams  given  in  his  paper,  it  is  evident  that  the  region  cau- 
terized included  the  lower  portion  of  the  lateral  surface  of  the  superior 
vena  cava,  a  considerable  portion  of  the  base  of  the  right  atrium  and 
auricular  appendage  and  the  upper  two-thirds  of  the  intercaval  region. 
Perforation  and  rapid  death  from  hemorrhage  occurred  in  all  but  a 
few  experiments.  No  disturbance  of  rhythm  occurred  in  any  case. 
While  Jaeger's  experiments  were  directed  toward  the  question  of  the 
importance  of  the  sino-auricular  node  and  his  conclusion  was  to  ascribe 
no  important  function  to  it,  it  should  be  pointed  out  that  from  his  results 
the  same  conclusion  would  necessarily  apply,  not  only  to  the  node,  but 
to  a  wide  area  including  the  mouth  of  the  superior  vena  cava,  the  inter- 
caval region  and  a  considerable  portion  of  the  caval  border  of  the  right 
atrium  and  appendage.  Flack  (70),  one  of  the  discoverers  of  the  sino- 
auricular  node,  reported  at  nearly  the  same  time*  a  long  series  of  experi- 
ments in  which  a  study  was  made  of  the  effects  of  the  application  of  cold, 
of  electrical  stimuli,  of  atropin  and  muscarin  and  of  clamping  and  liga- 
turing the  node,  and  the  influence  of  these  procedures  on  the  control  of 
the  extrinsic  cardiac  nerves.  The  experiments  were  carried  out  on  the 
hearts  of  dogs,  cats,  rabbits  and  fowls  in  situ.  The  influence  of  cold 
in  decreasing  the  rate  of  beat  of  the  whole  heart  was  confined  to  the 
sino-auricular  node.  Electrical  stimulation  caused  inhibition  or  accel- 
eration, depending  on  the  strength.  The  same  strength  of  stimulation 
applied  to  neighboring  regions  had  little  or  no  effect.  Little  effect  was 
noted  on  ligaturing  or  clamping  the  node.  Unfortunately  Flack's 
records  were  made  at  too  slow  a  speed  to  detect  any  changes  in  the 
rate  of  auriculo-ventricular  conduction  or  the  auriculo-ventricular 
sequence.  •  His  conclusion  was  that  normally  the  dominating  rhythm  of 
the  heart  arises  in  the  node.  Flack  (71)  continued  his  studies  in  a  series 
of  papers  published  a  year  later,  and  concluded  finally,  that  while  the 

*  The  first  electrical  studies  were  made  almost  contemporaneously,  as  will  be 
described  later. 
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sino-aiiricular  node  may  possess  a  high  degree  o^^  automaticity,  there 
are  other  parts  in  which  this  property  is  well  developed,  and  that  its 
main  r61e  is  that  of  a  "cardio-regulating  center"  rather  than  a  cardio- 
motor  center.  Flack  thought  that  it  is  through  this  region  that  the 
dominant  rhjrthm  of  the  heart  is  most  readily  influenced,  this  influence 
being  exerted  mainly  by  the  intimate  association  of  the  node  with  the 
extrinsic  cardiac  nerves  as  evidenced  by  its  neuromuscular  structure. 
He  stated  that  since  its  excision  produced  an  insignificant  physiological 
effect,  it  was  probably  of  no  clinical  importance.  A  similar  view  had 
been  expressed  by  Ivy  Mackenzie  (72)  on  the  basis  of  the  histological 
structure  of  the  node.  Mackenzie  suggested  that  its  function  was  to . 
act  as  a  receptor  for  sensoiy  impulses  necessary  for  coordinated  heart 
activity,  in  a  way  comparable  to  the  muscle  spindles  of  Kiihne  and 
Sherrington  in  skeletal  muscle. 

Hering  (73)  attempted  to  destroy  the  sino-auricular  node  by  burning 
with  a  hot  wire.  The  experiments  were  made  on  dogs'  hearts  in  situ. 
He  found  that  there  was  little  change  except  in  the  interval  between 
auricular  and  ventricular  contraction.  This  interval  was  usually  re- 
duced by  injury  to  the  node.  The  reduction  was  not  infrequently  pre- 
deded  by  an  initial  transitory  lengthening.  Sometimes  the  auricles 
and  ventricles  beat  simultaneously  or  nearly  so,  or  the  ventricular  beat 
preceded  the  auricular  beat  (Vs-As  sequence).  He  suggested  that  in 
this  rhythm  (auriculo-ventricular),  the  seat  of  impulse  formation  was 
in  the  auriculo-ventricular  node,  and  on  the  basis  of  his  previous  obser- 
vations that  the  main  delay  in  the  passage  of  the  impulse  between  au- 
ricle and  ventricles  occiu^  in  the  auriculo-ventricular  node,^  suggested 
that  the  different  As-Vs  intervals  may  be  accounted  for  by  differences  in 
the  exact  location  of  the  seat  of  impulse  initiation  within  this  structure. 
If  this  is  in  the  upper  part  of  the  node,  an  As-Vs  interval  approaching 

'  Shortly  after  the  appearance  of  Tawara's  description  of  the  auriculo-ven- 
tricular node,  Hering  (74)  suggested  that  the  greater  part  of  the  delay  in  the 
passage  of  the  impulse  from  the  auricle  to  the  ventricle  probably  occurred  in 
this  node,  and  in  1910  (75)  he  offered  experimental  support  for  this  view.  The 
isolated  perfused  hearts  of  large  dogs  were  opened  and  stimuli  applied  directly 
to  the  region  of  the  auriculo-ventricular  node  and  the  time  from  the  incidence 
of  the  stimulus  to  contraction  of  the  ventricle  recorded.  If  the  bundle  were 
cut  near  its  origin  from  the  node,  stimulation  of  the  ventricular  end  was  fol- 
lowed after  a  very  short  interval  by  ventricular  contraction,  while  the  corre- 
sponding interval  between  the  stimulus  and  auricular  contraction  was  much 
larger  when  the  auricular  end  of  the  cut  bundle  was  stimulated,  due  to  the 
fact  that  in  the  later  case  the  impulse  had  to  pass  through  the  node.  The  differ- 
ence amoimted  to  four  or  five  times. 
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the  normal  might  occur,  while  if  in  the  mid-region  one  would  expect  the 
interval  to  approach  zero,  and  finally  if  in  the  lower  portions  of  the  node, 
a  Vs-As  sequence  would  be  the  probable  result.  This  view  was  merely 
an  adaptation  to  the  nodal  structure  of  the  previous  suggestion  of  Loh- 
mann.  Histological  examination  of  these  hearts  was  made  by  Koch, 
who  found  that  while  considerable  damage  to  the  sino-auricular  node 
was  produced,  it  was  not  entirely  destroyed  in  any  experiment.  As  a 
result  of  these  experiments,  Hering  inclined  to  the  belief  that  the  sino- 
auricular  node  is  the  normal  seat  of  impulse  formation,  although  he  sug- 
gests that  possibly  it  serves  merely  to  conduct  and  distribute  the 
impulse  which  actually  arises  in  the  superior  vena  cava. 

Magnus-Alsleben  (76),  as  a  result  of  experiments  on  isolated  rabbits' 
hearts  perfused  by  Langendorflf 's  method  with  diluted  ox  blood,  reported 
negative  results  from  excision  of  the  sino-auricular  node  and  other 
regions  of  the  auricles  and  venae  cavae.  The  As-Vs  intervals  were 
unchanged,  although  the  rate  of  beat  was  usually  slowed.  In  one  series 
of  experiments,  both  auricles  were  cut  away  piece  by  piece  without  any 
constant  or  noteworthy  influence  on  ventricular  activity.  The  general 
conclusion  drawn  was  that  there  is  no  single  area  in  the  veno-auricular 
region  of  predominant  importance  for  impulse  initiation.  While  ad- 
mitting that  probably  the  normal  seat  of  origin  of  the  impulse  may  be 
at  the  veno-auricular  junction,  he  concluded  that  when  this  is  removed 
the  seat  of  automaticity  passes  downward  by  steps  ("schrittweise") 
without  disturbance  of  the  beat,  although  the  rate  of  contraction  is 
usually  somewhat  slower  when  initiated  from  the  lower  regions. 

Cohn,  Kessel  and  Mason  (77),  (78)  performed  an  extensive  series  of 
experiments  on  the  effects  of  removal  of  the  sino-auricular  node  in  dogs' 
hearts  isolated  and  under  artificial  perfusion  with  salt  solution.  A 
total  of  thirty  experiments  as  carried  out  in  which  attempts  were 
made  to  excise  the  sino-auricular  node  with  as  little  damage  as  possible 
to  surrounding  tissue.  Diagrams  are  given  to  show  the  region  excised 
and  subsequent  histological  examinations  were  made.  Transitory  qui- 
escence of  the  whole  heart,  varying  between  four  seconds  and  three 
minutes,  and  usually  less  than  thirty  seconds,  occurred  in  twenty-four 
of  the  thirty  experiments.  The  period  of  quiescence  was  interpreted 
as  representing  the  time  required  for  the  auricle  or  other  tissue  to  take 
up  the  pacemaking  function.  Simple  incision  through  or  across  the 
node  was  without  effect.  Unfortunately,  statements  of  the  normal 
As-Vs  interval  and  its  change  as  a  result  of  excision  of  the  node,  are 
given  in  only  a  few  instances,  although  it  is  stated  that  in  fourteen 
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experiments  As  preceded  Vs,  in  seven  Vs  preceded  As,  and  in  two  the 
auricles  and  ventricles  contracted  simultaneously.  It  seems  certain 
therefore  that  auriculo-ventricular  rhythm  occurred  in  a  number  of 
these  experiments  and  its  occurrence  is  excluded  in  none.  The  conclu- 
sion of  these  workers  that  no  special  region  takes  up  the  function  of 
impulse  initiation  after  removal  of  the  sino-aiuicular  node,  is  therefore 
not  justified  in  the  Ught  of  preceding  and  subsequent  experimental 
data.  The  rate  of  beat  following  the  excision  of  the  node  was  per- 
manently reduced.  Excision  of  neighboring  tissue  failed  to  cause  sim- 
ilar results  to  that  following  excision  of  the  node.  Similar  experiments 
were  performed  by  Moorehouse  (79),  who  found  that  excision  of  the 
sino^auricular  node  produced  at  times  transitory  quiescence  of  the 
auricles,  at  other  times  slowing  without  quiescence  and  in  some 
instances  no  effect  whatever  upon  aiuicular  rate.  He  concluded  that 
the  slowing  or  quiescence,  when  it  occurs,  may  be  due  to  disturbance 
of  the  blood  supply  or  to  mechanical  stimulation,  and  does  not  indicate 
any  important  physiological  significance  of  the  sino-auricular  node. 
The  As-Vs  sequence  and  intervals  were  also  not  reported  in  these  experi- 
ments. Removal  of  areas  of  tissue  outside  the  node  gave  the  same 
inconstant  results. 

The  influence  of  cold  applied  locally  to  the  sino-auricular  node  has 
been  studied  in  detail  by  Brandenburg  and  Hoffmann  and  by  Ganter 
and  Zahn.  Brandenburg  and  Hoffmann  (80)  worked  on  isolated  rabbits' 
and  dogs'  hearts  under  artificial  perfusion.  Cold  was  effective  in  reduc- 
ing the  rate  of  the  whole  heart  only  when  applied  to  the  region  corre- 
sponding to  the  sino-auricular  node.  When  marked  cooling  was  car- 
ried out,  auricles  and  ventricles  beat  simultaneously,  in  which  case  the 
Authors  assumed  the  impulse  was  arising  within  the  atlriculo-ventricular 
node.  The  transition  from  sino-auricular  to  auriculo-ventricular 
rhythm  was  abrupt,  and  associated  with  a  reduction  of  the  rate  to 
about  one-half  the  normal.  The  change  to  auriculo-ventricular  rhythm 
was  referred  to  depression  of  automaticity  in  the  sino-auricular  node, 
as  a  result  of  the  cooling,  and  the  assumption  of  the  function  of  impulse 
initiation  by  the  region  of  lower  automaticity.  On  cessation  of  cool- 
ing the  normal  rhythm  recurred.  Failure  to  obtain  this  result,  they 
•state,  may  be  due  to  the  heart  not  being  in  normal  rhythm  at  the  begin- 
ning of  the  experiment,  or  because  of  abnormal  irritation  of  the  right 
auricle  from  cutting  or  crushing,  the  seat  of  impulse  formation  on  ces- 
sation of  automatic  activity  of  the  sino-aiuicular  node  may  pass  to 
some  region  of  the  auricle  rather  than  to  the  auriculo-ventricular  node. 
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When  auriculo-ventricular  rhythm  was  established  as  a  result  of  cold 
applied  to  the  sino-auricular  node,  they  found  that  it  could  be  abolished, 
without  however  a  return  of  sino-auricular  rhythm,  by  clamping,  scrap- 
ing or  otherwise  submitting  the  neighboring  auricular  tissue  to  irrita- 
tion. The  As-Vs  interval  returned  to  almost  normal  value.  Under 
these  conditions  they  were  unable  to  determine  any  localized  region 
which,  by  the  application  of  cold,  could  be  proved  to  be  controlling 
impulse  fonnation.  The  seat  of  impulse  initiation  was  apparently  wide- 
spread, involving  the  whole  of  the  right  and  possibly  the  left  auricle. 
They  were  thus  inclined  to  believe  that  while  under  approximately 
normal  conditions  only  the  two  nodes  manifested  automatic  power,  that 
other  regions  (right  and  possibly  left  auricle)  could  develop  automaticity 
when  exposed  to  abnormal  influences  of  a  nature  tending  to  heighten 
tissue  irritabiUty.  Brandenbiu^  and  Hoffmann  also  studied  the  effect 
of  partial  isolation  of  the  sino-auricular  node  by  a  series  of  cuts  along 
the  auricular  border.  After  each  cut  determination  was  made  as  to 
whether  or  not  the  node  was  still  acting  as  the  cardiac  pacemaker  by 
the  application  of  cold.  It  was  found  that  only  a  small^  bridge  of 
connecting  tissue  was  necessary  to  maintain  fimctional  integrity,  ^he 
-experiments  of  Ganter  and  Zahn  (81)  on  the  hearts  of  cats,  rabbits, 
goats,  dogs  and  apes  in  situ,  agree  in  many  details  with  those  of  Branden- 
burg and  Hoffmann  on  isolated  hearts.  Ganter  and  Zahn  found  that 
the  region  normally  susceptible  to  cooling  corresponds  to  the  area  includ- 
ing the  sino-auricular  node,  as  determined  by  histological  examination 
of  the  hearts  experimented  upon.  As  a  result  of  cold  applied  to  this 
region,  a  new  type  of  rhythm  develops,  characterized  by  marked  reduc- 
tion or  disappearance  of  the  As-Vs  interval.  The  upper  portion,  or 
"head"  of  the  node,  was  foimd  the  most  susceptible  region  to  relatively 
slight  cold,  and  when  the^  rhythm  was  normal,  cooling  the  lower  end 
of  the  node  alone  produced  no  change  in  rate.  The  transition  from 
sino-auricular  to  frank  auriculo-ventricular  rhythm  was  found  to  be 
abrupt  or  gradual,  depending  upon  the  rapidity  of  cooling  of  the  sino- 
amicular  node.  If  the  cooling  were  gradual,  the  change  in  As-Vs  inter- 
val was  not  abrupt,  as  found  by  Brandenburg  and  Hoffmann,  but 
occurred  through  several  stages.  When  auriculo-ventricular  rhythm  was 
established,  as  shown  by  great  reduction  in  the  As-Vs  interval,  warming 
or  cooling  the  region  of  the  aiuiculo-ventricular  node,  by  means  of  a 
specially  designed  thermode  introduced  through  a  hole  in  the  aiuicular 
appendage  and  applied  to  the  base  of  the  inter-auricular  septum,  was 
effective  in  influencing  the  rate  of  the  whole  heart.    While,  as  we  have 
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seen,  a  number  of  workers  had  suggested  that  the  auriculo-ventricular 
node  was  the  seat  of  impulse  initiation  in  aiuiculo-ventricular  rhythm, 
this  was  the  first  direct  experimental  evidence  to  support  this  assump- 
tion. When  the  pacemaker  resided  in  the  sino-auricular  node,  as  nor- 
mally occurs,  cooling  the  auriculo-Ventricular  node  caused  nothing  more 
than  distiu"bances  in  auriculo-ventricular  conduction.  The  final  con- 
clusion was  that  the  capacity  of  rhythmic  impulse  formation  is  at  least 
in  high  degree  associated  with  the  sino-auricular  and  auriculo-ventricu- 
lar nodes.  These  experiments  were  later  repeated  and  extended  by 
Zahn  (39).  Using  the  warming  and  cooling  apparatus  employed  in  the 
former  work  combined  with  an  endoscope,  he  was  able  to  apply  heat  or 
cold  to  different  parts  of  the  aiuiculo-ventricular  node  and  neighboring 
regions  in  the  heart  in  situ.  A  few  experiments  were  also  carried  out 
on  isolated  hearts.  The  sino-auricular  node  was  first  destroyed  by  the 
application  of  a  hot  glass  rod  or  of  formalin,  or  in  isolated  hearts  it  was 
excised.  The  criterion  of  its  destruction  in  the  heart  in  situ  was  the 
absence  of  the  usual  effects  of  the  application  of  heat  and  cold.  Zahn 
was  especially  concerned  with  determining  the  seat  of  impulse  forma- 
tion in  those  cases  where,  after  destruction  of  the  sino-auricular  node, 
the  As-Vs  interval  was  of  approximately  normal  length.  Brandenbiu"g 
and  Hoffmann,  as  noted  above,  believed  that  under  these  conditions  the 
impulse  arose  in  a  widespread  region  of  auricular  tissue.  Zahn  found, 
as  did  these  workers,  that  destruction  of  the  impulse  forming  power  of 
the  sino-auricular  node  did  not  always  produce  a  frank  auriculo-ven- 
tricular rhythm,  or  if  this  was  present  at  first,  the  As-Vs  interval  fre- 
quently gradually  increased  until  it  approached  the  normal.  He  found, 
however,  that  in  all  such  cases  a  localized  area  could  be  determined 
which  dominates  the  rhythm.  This  region  is  the  tissue  surrounding  the 
mouth  of  the  coronary  vein.  Histological  examination  of  the  hearts 
from  these  experiments  was  made  by  Koch,  who  found  that  this  region 
contained  abundant  nodal  tissue,  and  identified  it  with  the  coronary 
sinus  portion  of  the  auriculo-ventricular  node  as  previously  described 
by  Aschoff  (22).^  Zahn  concluded  that  after  elimination  of  the  sino- 
auricular  node  some  part  of  the  aiuiculo-ventricular  node  assumes  the 
function  of  impulse  initiation,  and  the  As-Vs  interval  in  the  rhythm 
which  results^depends  upon  the  portion  of  the  latter  node  that  is  active. 
After  removal  of  the  sino-auricular  node,  warming  the  coronary  sinus 
portion  of  the  auriculo-ventricular  node  produced  a  rhythm  in  which 

'  For  a  detailed  description  of  the  atrial  node  and  the  relation  of  nodal  tissue 
to  impulse  initiation,  reference  may  be  made  to  Koch  (16). 
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the  As-Vs  interval  was  only  slightly  less  than  normal,  while  warming 
the  middle  and  lower  regions  produced  a  much  shortened  As-Vs  interval, 
the  disappearance  of  this  interval  or  the  occurrence  of  a  Vs-As  rhythm. 
All  parts  of  the  auriculo-ventricular  node  thus  seem  to  have  the  power 
of  automaticity  without  great  variation  in  degree  in  different  parts.* 

Further  contributing  evidence  pointing  to  the  sino-auricular  node  as 
the  normal  seat  of  impulse  initiation  has  been  furnished  by  Sansum. 
It  was  shown  by  Englemann  (83)  in  1897  that  in  the  frog  premature 
beats  produced  by  stimuU  applied  to  the  aiuicles  and  ventricles  were 
followed  by  a  pause  suflSciently  longer  than  the  usual  diastoUc  pause  to 
restore  the  original  rhythm  (compensatory  pause),  while  if  such  extra 
stimuli  were  applied  to  the  chamber  initiating  the  rhythm  (the  sinus 
venosus),  the  pause  following  the  extra  beat  was  little  if  any  larger  than 
the  usual  diastolic  pause.  Sansum  (84)  attempted  to  apply  this  same 
principle  to  the  mammalian  heart,  and  while  it  was  found  that  all  auric- 
ular extrasystoles  showed  less  than  a  full  compensatory  pause,  this 
pause  was  shortest  in  extra  systoles  arising  from  stimuU  applied  to  the 
sino-auricular  node. 

The  line  of  work  which  has  yielded  results  most  opposed  to  the  view 
that  the  sino-auricular  node  is  to  be  regarded  as  the  most  automatic 
region  of  the  heart  and  the  normal  seat  of  impulse  initiation,  is  the 
study  of  relative  autwnaticity  in  different  regions  of  the  heart  by  iso- 
lation of  strips  and  determination  of  their  rate  of  contraction  when 
thus  isolated.  The  early  work  of  Erlanger  and  Blackmann  (45),  made 
without  reference  to  the  sino-auricular  node,  has  already  been  quoted 
(page  8).  These  experiments  were  repeated  and  extended  by  Er- 
langer in  1910  (46),  in  a  study  of  strips  isolated  from  thirty-nine  cats' 
hearts.  He  found  that  strips  from  the  intercaval  region,  mouth  of 
superior  vena  cava,  right  atrium,  inferior  vena  cava,  coronary  sinus  and 
interauricular  septum  showed  spontaneous  contractions  when  isolated. 
Strips  from  the  right  auricular  appendage  (except  in  one  instance), 
the  left  auricle  and  the  pulmonary  veins  were  inactive.  In  the  rhythmic 
strips  the  rate  of  beat  varied  greatly,  but  was  approximately  the  same  in 

*  A  critical  consideration  of  the  method  of  the  application  of  heat  in  locating 
automatic  regions  is  given  by  Schlomovitz  and  Chase  (82).  These  authors  also 
confirm  the  location  of  the  nonnal  pacemaker  in  the  sino-auricular  node,  but  find 
that  any  of  the  ''sinus  tissue' '  of  the  veno-auricular  regions  may  respond  to  higher 
temperatures,  presumably  due  to  an  increase  in  its  automaticity  as  a  result  of 
the  application  of  heat.  Another  explanation  seems  possible,  however,  namely, 
conduction  of  the  heat  to  the  neighboring  sino-auricular  node. 
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those  from  the  superior  and  inferior  venae  cavae  and  the  coronary  sinus 
region.  Stimulation  of  quiescent  strips  from  these  regions  would  usu- 
ally start  rhythmic  beating,  which  continued  after  the  cessation  of  the 
stimulus,  and  it  was  found  that  the  most  constant  result  in  this  respect 
was  obtained  from  strips  of  intercaval  tissue  from  a  region  parallel 
with  and  on  the  venous  side  of  the  sulcus  terminalis.  A  repetition  of 
this  work  with  histological  control  was  made  by  Moorehouse  in  1912 
(79).  Strips  were  made  from  the  isolated  dog's  heart  and  the  rate  of 
contraction  and  response  to  rhythmic  stimulation  determined.  Strips 
containing  the  sino-auricular  node  showed  no  higher  rate  of  contraction 
than  those  made  from  neighboring  tissue  in  which  no  nodal  tissue  was 
present.  In  a  subsequent  paper  Moorehouse  (85)  studied  the  influence 
of  various  pharmacological  agents  on  similar  strips  and  could  find  no 
difference  in  behavior  of  those  containing  and  those  not  containing 
nodal  tissue. 

THE  ORIGIN  AND  CONDUCTION  OP  THE  IMPULSE  IN  MAMMALIAN  HEART  AS 
STUDIED   BY  THE  ELECTRICAL  METHOD 

Attempts  to  locate  the  primary  seat  of  impulse  initiation  in  the  mam- 
malian heart  by  galvanometric  methods  were  made  at  almost  the  same 
time  by  Wybauw  (86)  and  by  Lewis,  Oppenheimer  and  Oppenheimer 
(87).^®  These  determinations  were  based  on  the  assumption  that  a 
condition  of  electrical  negative  potential  is  associated  with  activity, 
and  that  when  the  activity  is  propagated  in  the  form  of  a  wave,  it  is 
accompanied  by  this  alteration  in  electrical  condition."    The  problem 

^^  The  use  of  the  method  was  apparently  independently  applied  by  Wybauw 
and  Lewis.  Statements  in  each  paper  indicate  that  each  worker  was  aware  of 
the  investigations  of  the  other.  Lewis  used  the  method  in  a  publication  (88) 
preceding  Wybauw's  preliminary  note,  in  which  he  found  that  in  two  instances 
after  recovery  of  nonnal  rhythm  following  experimental  auricular  fibrillation  in 
dogs,  a  point  on  the  superior  vena  cava  was  negative  before  a  point  on  the 
inferior  vena  cava.  In  the  paper  on  the  electrocardiograms  of  auricular  extra- 
systoles,  Lewis  (91)  states  that  preliminary  observations  had  been  undertaken 
with  this  method,  but  hearing  that  Wybauw's  observations  were  nearing  comple- 
tion, this  line  of  investigation  was  not  pursued.  The  proof  that  initial  nega- 
tivity is  associated  with  the  region  of  the  sino-auricular  node,  was  first  fur- 
nished by  Wybauw.  In  the  paper  of  Lewis,  Oppenheimer  and  Oppenheimer, 
reference  is  made  to  the  preliminary  publication  of  Wybauw. 

"  This  association  had  been  long  established  in  skeletal  muscle  and  nerve  by 
Du  Bois  Reymond  (1873)  and  subsequent  workers,  and  K5lliker  and  MQller  (89) 
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in  the  heart  was  therefore  to  find  the  region  showing  initial  negativity 
at  the  onset  of  the  beat,  the  location  of  which  should  be  identical  with 
the  region  manifesting  initial  activity.  Electrodes  were  placed  at  vari- 
ous points  on  the  right  auricle,  superior  and  inferior  venae  cavae  and 
intercaval  region,  and  connected  in  pairs  with  a  string  galvanometer. 
The  point  showing  initial  negativity  was  determined  by  the  direction 
of  the  initial  movement  of  the  string  in  the  curve  obtained,  it  having 
been  determined  beforehand  the  direction  of  movement  when  one  pole 
of  the  galvanometer  was  made  electro-negative  to  the  other.  Wybauw 
foimd  in  thirty  out  of  thirty-eight  determinations  in  the  dog's  heart  in 
situ,  that  an  electrode  on  the  sulcus  terminalis,  at  a  point  corresponding 
to  about  the  middle  of  the  sino-auricular  node,  showed  initial  negativity 
when  compared  with  other  regions.  He  found  that  the  wave  of  nega- 
tivity spread  out  rapidly  from  this  region  and  reached  the  right  atrium 
within  a  few  hundredths  of  a  second,  indicating  the  absence  of  a  sino- 
auricular  interval  comparable  to  that  present  in  the  lower  vertebrates. 
Lewis,  Oppenheimer  and  Oppenheimer  determined  the  seat  of  initial 
negativity  in  the  hearts  of  seven  dogs  in  situ.  Seven  points  along  the 
sulcus  terminalis,  six  points  along  the  intercaval  region,  four  points  on 
the  right  atrium  and  two  points  on  the  pulmonary  vein  were  investi- 
gated. At  the  completion  of  each  experiment  the  hearts  were  examined 
histologically  in  regard  to  the  position  of  the  electrodes  in  relation  to 
the  sino-auricular  node.  The  upper  end  of  the  sino-auricular  node, 
near  its  widest  region,  was  found  negative  to  all  other  points  in  six  or 
'  seven  experiments.  In  one  experiment  a  point  near  the  mouth  of  the 
puhnonary  vein  was  negative  when  compared  with  the  sino-auricular 
node.  These  workers,  therefore,  placed  the  seat  of  normal  impulse 
initiation  in  the  dog  in  the  upper  part  or  cephalic  end  of  the  sino-auricu- 
lar node,  and  not  in  the  mid-region,  as  had  been  found  by  Wybauw. 

ahowed  that  the  heart  also  developed  action  currents  during  normal  contractions. 
The  constant  association  of  tissue  activity  with  an  ''action  current"  seems  to 
have  been  firmly  established  and  is  a  generally  accepted  phenomenon.  Direct 
evidence  of  the  association  between  these  two  phenomena  in  the  sino-auricular 
region  of  the  mammalian  heart  has  been  recently  obtained  by  Lewis  (90).  The 
auricular  contraction  wave,  as  recorded  by  the  approximation  of  a  grid  of  fine 
hairs  or  threads  attached  to  points  on  the  heart  surface,  was  compared  with  the 
spread  of  the  wave  of  negativity.  While  considerable  difficulty  attaches  to  the 
interpretation  of  graphic  curves  of  this  type  when  recording  movements  of  small 
masses  of  muscle  attached  to  larger  moving  masses,  evidence  was  obtained  that 
the  two  phenomena  are  directly  associated,  the  contraction  wave  following  the 
negative  variation  at  any  point  by  i^proximately  0.02  second. 
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In  a  preceding  publication  Lewis  (91)  had  attacked  the  problem  in 
another  way.  Axial  electrocardiograms  from  dogs  were  recorded  and 
extr^  or  premature  contractions  of  the  heart  produced  by  stimuli  applied 
to  different  regions  of  the  auricle  and  venae  cavae/  It  was  found  that 
the  auricular  complex  (P  wave)  resembled  that  obtained  during  the 
normal  beats  only  in  extrasystoles  which  were  induced  by  stimulation 
of  the  region  of  the  sino-auricular  node.  It  was  concluded  therefore 
that  the  normal  impulse  arises  in  this  region. 

The  relation  of  the  region  of  the  sino-auricular  node  to  initial  nega- 
tivity was  further  confirmed  by  Eyster  and  Meek  (92).  In  thirty-eight 
experiments  on  dogs'  hearts  in  situ,  some  part  of  the  sino-auricular  node 
'  was  found  to  precede  one  or  more  regions  lying  outside  in  all  cases. 
Determinations  made  on  the  region  of  the  node  and  its  immediate 
neighborhood,  controlled  by  histological  examination,  placed  the  initial 
change  in  that  part  of  the  node  containing  the  greatest  mass  of  tissue, 
usually  the  upper  part.  Initial  negativity  of  the  sino-auricular  node, 
when  compared  with  other  regions,  was  also  found  when  the  galvanom- 
eter was  made  unusually  sensitive  (one  milUvolt  giving  a  deflection  of 
1050  millimeters).  This  observation  was  beUeved  to  meet  an  objection 
to  previous  experiments  raised  by  Erlanger  (93),  namely,  that  the  excita- 
tion may  start  from  outside  the  node  and  become  concentrated  within 
it,  becoming  of  suflScient  strength  to  influence  the  galvanometer  onlj» 
when  such  concentration  had  occurred.  The  endocardial  surface  of 
the  node  was  also  found  initially  negative  to  epicardial  points  outside 
the  node.  Experiments  were  also  carried  out  by  Eyster  and  Meek  (59),  • 
(92)  in  an  attempt  to  determine  the  rate  and  paths  of  conduction  from 
the  sino-auricular  node  to  other  regions,  particularly  the  right  auricle 
and  auriculo-ventricular  node.  In  addition  to  comparisons  of  negativ- 
ity, the  incidence  of  the  main  electrical  change  at  various  electrodes 
compared  with  the  onset  of  mechanical  systole  of  the  right  auricle 
recorded  by  suspension  was  used  as  a  basis  for  calculating  the  rate  of 
propagation  of  the  electrical  wave  It  was  found  that  while  the  spread 
from  the  sino-auricular  node  to  surrounding  structures  was  of  a  radial 
nature  and  that  no  restricted  path  or  paths  of  conduction  could  be  made 
out,  there  were  apparent  certain  differences  in  rate  which  were  regarded 
as  significant.  The  wave  of  negativity  was  found  to  be  propagated 
throughout  the  sino-auricular  node  and  to  contiguous  venous  regions 
with  considerable  rapidity,  reaching  the  mouth  of  the  superior  vena 
cava  within  0.01  second,  while  its  spread  to  the  auricular  muscle  was 
somewhat  slower,  a  sino-auricular  interval  averaging  0.027  second  being 
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determined  in  fourteen  experiments.^^  This  delay  in  passage  to  the 
auricle  was  such  that  in  the  majority  of  the  experiments  the  auriculo- 
ventricular  node  became  involved  before  the  right  atrium.  It  was 
concluded,  therefore,  that  the  excitation  spreads  by  independent  paths 
from  the  sino-auricular  node  to  the  right  atrium  and  to  the  auriculo- 
ventricular  node,  and  does  not  pass  through  the  atrium  to  the  ventricle 
as  ordinarily  stated. 

Lewis,  Meakins  and  White  (95)  carried  out  a  series  of  experiments  on 
dogs'  hearts  in  situ,  in  which  the  spread  of  the  wave  of  negativity  from 
the  sino-auricular  node  was  studied  by  determination  of  the  direction 
of  movement  of  the  galvanometer,  and  the  rate  estimated  by  compari- 
son of  the  incidence  of  the  wave  at  given  points  with  the  summit  of  the 
P  wave  of  the  axial  electrocardiogram.  They  were  unable  to  determine 
any  essential  difference  in  the  rate  of  propagation  such  as  had  been 
described  by  Eyster  and  Meek,^^  and  concluded  that  the  excitation 
spread  in  all  directions  from  the  sino-auricular  node  at  approximately 
the  same  velocity.  The  actual  average  rates  as  determined  show,  how- 
ever, the  lowest  rate  of  propagation  to  the  superior  vena  cava  (588  mm. 
per  sec),  and  the  most  rapid  propagation  to  the  intercaval  region  (1232 
mm.  per  sec.)  and  to  the  auriculo-ventricular  node  (1101  nwn.  per  sec). 
The  rate  to  the  right  auricle  averaged  859  mm.  per  second. 

Meek  and  Eyster  (96)  proved  by  the  method  of  initial  negativity 
that  when  the  sino-auricular  node  was  rendered  functionless  by  the 
application  of  formalin,  by  crushing,  cutting  or  clamping  around  the 
node  or  by  vagus  stimulation,  the  seat  of  impulse  initiation  invariably 
removed  to  the  region  of  the  auriculo-ventricular  node.    When  the 

"  Garten  (94)  reported  a  similar  determination  by  Sulsi,  working  under  his 
direction  on  six  dogs'  hearts  in  situ.  Comparing  the  negativity  in  the  sino- 
auricular  node  with  a  point  on  the  right  atrium,  18  mm.  distant,  a  difference  of 
0.022  to  0.026  second  was  found.  Pairs  of  electrodes,  the  termination  of  which 
were  placed  in  contact,  were  applied  to  the  two  regions  and  each  pair  connected 
to  a  galvanometer. 

**  There  is  little  doubt  that  the  comparison  of  the  electrical  change  with  other 
events  in  the  auricular  cycle  in  an  attempt  to  measure  velocity  is  subject  to  con- 
siderable error  and  can  be  taken  as  yielding  only  approximate  results.  This 
error  arises  mainly  from  two  sources,  the  difficulty  of  exact  location  of  changes 
in  mechanical  suspension  curves  or  of  the  P  wave  of  the  electrocardiogram,  and 
the  fact  that  the  relation  between  mechanical  events,  local  action  currents,  and 
the  electrocardiogram  is  subject  to  considerable  variation.  Measurement  of 
velocity  by  using  two  galvanometers  and  determining  the  time  of  passage  of  the 
electrical  change  between  pairs  of  electrodes  connected  to  these,  is  far  less  open 
to  criticism. 
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As-Vs  interval  approached  the  normal,  the  seat  of  initial  negativity- 
was  found  to  be  in  the  coronary  sinus  portion  of  the  auriculo-ventric- 
ular  node,  while  with  great  reduction  in  the  As-Vs  interval,  it  was 
located  in  the  ventricular  portion  of  this  node.  In  no  case,  after 
the  sino-auricular  node  had  ceased  to  function,  was  it  possible  to 
locate  initial  negativity  outside  the  area  containing  the  auriculo- 
ventricular  node.  In  another  series  of  experiments  (97),  these  inves- 
tigators proved  that  the  application  of  sUght  cold  locally  to  the 
upper  portion  of  the  sino-aiuicular  node,  the  normal  seat  of  initial 
negativity,  resulted  in  depression  of  automaticity  in  this  region,  and 
initial  negativity  now  appeared  in  lower  portions  of  the  same  node. 
This  proof  was  furnished  by  the  simultaneous  use  of  two  string  gal- 
vanometers, one  comparing  the  upper  with  the  lower  end  of  the  sino- 
auricular  node,  the  other  comparing  the  sino-auricular  and  auriculo- 
ventricular  nodes.  As  a  result  of  cooling  the  upper  end  of  the  node, 
the  direction  of  movement  in  the  first  galvanometer  reversed,  showing 
initial  negativity  in  the  lower  part  of  the  node.  That  the  seat  of  initial 
activity  had  not,  however,  been  removed  from  the  sino-auricular  to  the 
auriculo-ventricular  node,  was  proved  by  the  fact  that  the  direction  of 
movement  in  the  second  galvanometer  remained  constant.  This  shift 
of  the  seat  of  initial  activity  from  the  upper  to  the  lower  part  of  the 
sino-aiuicular  node  was  associated  with  lengthening  of  the  cycle  and 
shortening  of  the  As-Vs  interval.  After  the  cooling  was  aUowed  to 
pass  off,  the  original  condition  was  resumed,  indicating  a  return  of  the 
function  of  impulse  initiation  to  the  upper  part  of  the  node.  It  seemed 
probable,  therefore,  that  all  gradations  of  As-Vs  interval  from  the  normal 
to  zero  and  reversal  were  accountable  for  on  the  basis  of  impulse  initia- 
tion in  some  part  of  the  sino-auricular  or  auriculo-ventricular  nodes. 

In  a  subsequent  paper  Eyster  and  Meek  (98)  carried  out  further 
studies  in  reference  to  conduction  of  the  impulse  from  the  sino-aiuicular 
node  to  the  right  atrium  and  auriculo-ventricular  node.  Ten  experi- 
ments were  made  on  dogs'  hearts  in  situ,  in  which  a  series  of  points,  as 
nearly  equidistant  as  possible  from  the  sino-amicular  node  and  on  the 
auricular  and  venous  sides,  were  compared  as  to  the  reception  of  the 
excitatory  process  by  the  method  of  initial  negativity.  As  a  preliminary 
measure,  the  fact  that  a  normal  rhythm  was  present  was  determined  by 
proving  that  the  upper  portion  of  the  node  was  negative  before  all  other 
points  and  before  the  auriculo-ventricular  node.  These  experiments 
showed  that  points  on  the  venous  or  intercaval  side  of  the  node  usually 
manifest  negativity  before  equidistant  points  on  the  auricular  side,. 
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and  that  the  excitation  should  be  regarded  therefore  as  spreading  more 
rapidly  in  this  direction  than  to  the  auricle.  There  was  to  be  found  no 
restricted  region  surrounding  the  node  which  invariably  received  the 
excitation  before  other  regions,  indicating  no  localized,  restricted  path 
of  conduction.  In  forty-five  experiments,  also  on  dogs'  hearts  in  situ, 
the  sino-auricular  node  and  immediately  contiguous  tissue  was  partially 
or  completely  isolated  by  successive  cuts  or  by  clamping.  In  ten  of 
these  the  occurrence  of  activity  in  the  sino-auricular  node,  the  su- 
perior vena  cava,  the  right  atrium,  the  coronaiy  sinus  region  and  the 
auriculo-ventricular  node  was  determined  by  initial  negativity.  In 
the  remaining  thirty-five,  the  time  for  propagation  of  the  excitation 
from  the  sino-auricular  node  to  the  right  atrium  and  to  the  auriculo- 
ventricular  node  and  from  the  right  atrium  to  the  auriculo-ventricular 
node,  was  determined  by  applying  two  electrodes,  separated  by  several 
millimeters  to  each  of  these  regions,  and  connecting  each  pair  to  separate 
galvanometers.  The  comparison  of  the  time  of  occurrence  of  the  exci- 
tation in  any  two  regions  was  made  from  simultaneous  curves  of  the 
two  galvanometers.  The  data  from  the  normal,  before  partial  or  com- 
plete isolation  of  the  sino-auricular  node,  supported  the  view  previously 
advanced,  namely,  that  conduction  to  the  right  auricle  is  delayed  and 
that  the  auriculo-ventricular  node  receives  the  excitation  by  a  path 
separate  from  this  chamber.  The  auriculo-ventricular  node  received 
the  excitation  before  the  right  atrium  in  nine  out  of  twelve  experiments 
in  which  initial  negativity  was  determined.  In  twenty-four  experiments 
in  which  time  intervals  were  measured,  the  right  atrium,  however, 
received  the  excitation  first  in  fifteen,  and  the  average  of  all  placed  this 
chamber  0.003  second  before  the  auriculo-ventricular  node.  The  aver- 
age time  for  passage  of  the  excitation  from  the  sino-auricular  to  the 
auriculo-ventricular  node  was  0.023  second  in  twenty-eight  experi- 
ments, and  the  corresponding  time  from  the  sino-auricular  node  to  the 
right  atrium  was  0.020  second  in  nineteen  experiments.  Isolation  of  the 
node  was  carried  out  by  making  successive  cuts  or  clamping  the  tissue 
on  the  four  sides  of  the  node,  determinations  being  made  after  each  pro- 
cedure. The  following  is  a  summary  of  the  more  important  results.  A 
single  cut,  made  along  the  intercaval  border  of  the  sulcus  terminalis, 
produced  permanent  auriculo-ventricular  rhythm  in  25  per  cent  of  the 
experiments  and  in  12.5  per  cent  more  this  rhythm  was  established 
temporarily.  A  single  cut  across  the  sulcus  above  the  head  of  the  node 
produced  transitory  auriculo-ventricular  rhythm  in  40  per  cent,  but  in 
no  case  was  it  permanent.    A  single  cut  across  the  sulcus  below  the 
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node  produced  permanent  ajiriculo-ventricular  rhythm  in  10  per  cent 
and  transitory  rhythm  of  the  same  type  in  10  per  cent.  A  single  cut 
along  the  auricular  border  of  the  node  failed  to  produce  either  transitory 
or  permanent  auriculo-ventricular  rhythm  in  any  of  seventeen  experi- 
ments. This  last  cut,  however,  increased  the  time  of  conduction  from 
the  sino-auricular  node  to  the  right  auricle,  but  did  not  affect  the  cor- 
responding interval  between  the  sino-auricular  and  the  auriculo-ven- 
tricular nodes.  The  latter  interval  was  lengthened,  however,  by  the 
other  cuts,  particularly  the  oixe  across  the  sulcus  below  the  node.  Iso- 
lation of  the  sino-auricular  node  on  three  sides,  the  right  atrial  connec- 
tion remaining  intact,  caused  a  marked  increase  in  the  conduction  time 
between  the  sino-auricular  and  auriculo-ventricular  nodes.  This  pro- 
cedure also  produced  auriculo-ventricular  rhythm  in  82  per  cent.  In- 
terruptions of  the  connections  of  the  sino-auricular  node  on  all  four  sides 
produced  auriculo-ventricular  rhythm  in  all  cases.  From  these  results 
it  was  concluded  that  there  is  no  single,  well-defined  and  localized  path 
which  serves  to  the  exclusion  of  others  for  the  conduction  of  the  excita- 
tion from  the  sino-auricular  to  the  auriculo-ventricular  nodes;  at  least 
it  may  be  said  that  if  there  is  such  a  path,  there  are  other  paths  which 
are  capable  of  conducting  the  excitation  with  almost  equal  facility. 
The  experiments  seem  to  establish,  however,  with  equal  clearness,  that 
the  spread  of  the  excitation  from  the  sino-auricular  node  to  the  right 
auricle  and  auriculo-ventricular  node  is  by  separate  paths,  and  the 
former  does  not  normally  receive  the  impulse  through  the  latter,  but 
may  do  so  (in  approximately  27  per  cent  of  all  cases)  when  the  normal 
path  of  the  impulse  is  interrupted.  The  excitation,. arising  normally  in 
the  sino-auricular  node,  spreads  directly  to  the  right  aimcle,  probably 
in  a  diffuse  manner,  from  the  amicular  side  of  the  node.  It  also  spreads 
to  the  auriculo-ventricular  node  by  paths,  probably  also  diffuse  in  nature, 
connecting  with  the  upper,  intercaval  and  lower  borders  of  the  node. 

In  a  subsequent  communication,  in  which  the  same  methods  were 
employed,  Eyster  and  Meek  (99)  furnished  experimental  proof  of  the 
occurrence  of  partial  and  complete  sino-auricular  and  sino-ventricular 
block  by  independent  registration  of  the  activity  of  the  sino-auricular 
node,  auriculo-ventricular  node  and  right  auricle,  by  means  of  the  action 
current  developed  in  these  regions.^*    Partial  block  was  obtained  in 

^*  A  number  of  examples  of  supposed  sino-auricular  block  in  mammalian  ex- 
periments and  in  clinical  cases  have  been  reported — Erlanger  and  Blackmann 
(45),  Eyster  and  Meek  (100),  Eyster  and  Evans  (101)  and  Levine  (102);— but 
in  all  these  the  condition  has  been  inferred  from  dropped  beats  in  an  otherwise 
regular  rhythm. 
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only  one  of  twenty-one  experiments.  The  probable  factors  which 
determine  the  comparative  rarity  of  this  condition  in  the  mammalian 
heart,  were  considered  in  detail.  The  infrequent  occurrence  of  partial 
sino-auricular  and  sino-ventricular  block  was  beUeved  to  be  due  to  a, 
the  diffuse  nature  of  the  conducting  path  between  the  sino-auricular 
and  auriculo-ventricular  nodes;  b,  the  possibiUty  in  a  certain  percentage 
of  cases,  of  conduction  between  these  two  nodes  by  way  of  the  right 
atrium,  when  the  normal  sino-ventricular  path  is  destroyed;  and  finally 
c,  the  close  approach  of  the  automaticity  of  the  auriculo-ventricular 
node  to  that  of  the  sino-auricular  node.  Complete  sino-auricular  and 
sino-ventricular  block  was  regarded  as  a  potential  possibiUty  in  any 
instance  of  auriculo-ventricular  rhythm,  and  its  presence  was  proven  in 
two  experiments.  In  these  the  region  of  the  sino-auricular  node  was 
found  to  be  generating  impulses  at  approximately  its  original  rate  and 
at  a  faster  rate  than  the  auriculo-ventricular  node.  The  auricles  and  * 
ventricles  were  following  the  rhythm  of  the  latter  node.  It  was  also 
shown  that  the  right  auricle,  while  normally  receiving  its  excitation 
directly  from  the  sino-auricular  node  could  receive  the  same  from  the 
sino-ventricular  conduction  path,  but  under  these  circumstances  the 
period  <rf  conduction  from  the  node  to  the  auricle  was  much  prolonged. 
These  experiments  were  regarded  as  furnishing  still  further  evidence 
of  separate  sino-auricular  and  sino-ventricular  paths.^* 

Partial  or  complete  removal  of  the  sino-auricular  node  under  aseptic 
precautions  in  dogs,  with  recovery  and  subsequent  electrocardiographic 
observations,  has  been  carried  out  by  Eyster  and  Meek  (104).  The 
removal  of  a  considerable  portion  of  the  node  results  in  the  temporary 
establishment  of  a  rhythm  in  which  auricles  and  ventricles  beat  simul- 
taneously or  nearly  so.  After  a  period,  varying  from  several  hours  to 
several  days,  the  interval  lengthens,  but  seldom  equals  normal.  In 
most  instances  subsequent  examination  by  the  method  of  initial  nega- 
tivity has  shown  that  the  permanent  rhythm  established  had  its  origin 
in  the  col*onary  sinus  part  of  the  auriculo-ventricular  node.  In  a  few 
instances,  however,  the  pacemaker  resided  permanently  in  the  portion 
of  the  sino-auricular  node  which  remained  intact.  Complete  removal 
of  the  node  is  associated  with  technical  diflSculties,  but  has  been  suc- 
cessfully accomplished  in  several  instances  and  a  permanent  auriculo- 
ventricular  rhythm  observed  as  long  as  six  months.  At  the  end  of  the 
period  of  observation  in  each  experiment,  the  seat  of  inapulse  initiation 

'» A  t;linical  dase,  probably  to  be  interpreted  as  sino-ventricular  block,  has 
been  described  by  Naish  (103). 
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was  determined  in  these  animals  by  electrodes  applied  directly  to  the 
heart.  Each  experiment  was  also  subjected  to  histological  control. 
Control  experiments,  in  which  a  portion  of  the  right  atrium  near  the 
node  was  removed,  showed  no  change  in  rhythm  from  the  normal. 
These  experiments  are  interesting,  not  only  in  indicating  the  paramount 
importance  of  the  node-bearing  tissue,  but  also  that  only  a  relatively 
small  portion  of  it  is  necessary  to  maintain  normal  rhythm.  As  with 
most  physiological  mechanisms,  an  excess  beyond  that  necessary  to 
maintain  functional  activity  under  usual  conditions  is  present. 

CONDUCTION  IN  THE   VENTRICLE 

Conduction  of  the  excitation  to  the  ventricles  in  the  mammalian 
heart  occurs,  probably  exclusively,  by  way  of  the  auriculo-ventricular 
bundle.^^  Tawara  showed  that  the  branches  of  the  bundle  do  not 
terminate,  as  had  been  supposed,  near  the  auriculo-ventricular  bound- 
ary, but  continue  as  an  extensively  ramifying  system  making  connection 
with  the  Purkinje  network  in  the  subendocardium.  The  initial  branches 
pass  out  mainly  to  the  papillary  muscles.  The  branch  to  the  right  ven- 
tricle passes  along  the  right  side  of  the  interventricular  septum  to  the 
base  of  the  chief  papillary  muscle.  The  left  division  breaks  into  two 
chief  strands  which  pass  to  the  anterior  and  posterior  papillary  muscles. 
Other  smaller  branches  pass  to  the  septum.  The  larger  branches  are 
enclosed  by  endocardial  sheaths  which  may  be  brought  out  clearly  by 
injection  methods  (108).  The  Purkinje  reticulum  or  network  lines 
nearly  the  whole  subendocardial  space,  and  occasionally  strands  run 
for  several  millimeters  into  the  ventricular  muscle. 

In  the  lower  vertebrates'  heart  there  is,  however,  no  well-defined 
bundle  restricted  to  a  small  region,  but  a  broad  muscular  connection 
or  "funnel"  bridging  all  or  most  of  the  auriculo-ventricular  boundary. 
In  the  amphibia  and  reptiles  the  connecting  fibers  show  a  certain  degree 
of  differentiation,  however,  both  macroscopically  and  microscopically 
(21).    The  fibers  of  the  auriculo-ventricular  funnel  all  pass  in  a  down- 

"  Kent  (105)  has  described  an  additional  bundle  of  neuro-muscular  structure 
passing  across  the  auriculo-ventricular  groove.  This  he  later  described  as 
beginning  above  in  a  mass  of  "nodal  tissue"  lying  in  the  right  lateral  auricular 
wall  (106).  After  severing  all  auriculo-ventricular  connections  except  this 
bundle,  auricular  contractions  were  found  by  Kent  to  be  conducted  to  the  ven- 
tricles (107).  These  findings,  so  far  as  we  are  aware,  have  not  been  confirmed, 
and  opposed  to  them  is  the  result  of  numerous  investigators  that  severance  of 
the  His  bundle  alone  results  in  auriculo-ventricular  dissociation. 
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ward  (caudal)  direction.  The  funnel  is  interrupted  by  the  valves  pos- 
teriorly and  the  large  vessels  anteriorly,  and  the  posterior  (dorsal)  part 
of  the  structure  makes  connection  with  the  ventricular  muscle  higher 
than  does  the  anterior  portion.  The  elements  of  the  funnel  contain 
fewer  fibrils  and  more  sarcoplasm  than  the  usual  cardiac  muscle.  Fur- 
ther reduction  in  the  funnel  occurs  until  in  mammals  it  is  reduced  to  a 
small  bundle  lying  anteriorly. 

Gaskell  (28)  attempted  to  determine  whether  any  special  portion  of 
the  auriculo-ventricular  ring  in  the  tortoise  heart  was  of  greater  impor- 
tance for  conduction  than  other  parts,  and  found  that  section  of  the 
anterior  part  resulted  in  the  greatest  tendency  toward  dissociation. 
From  similar  experiments  Laurens  (109)  concluded  that  the  two  lateral 
halves  of  the  ring  are  more  important,  particularly  the  one  on  the  left 
side,  although  in  some  cases  the  anterior  portion  alone  can  maintain 
conduction.  Meek  and  Eyster  (110)  found  that  the  anterior  portion 
of  the  auriculo-ventricular  ring  was  the  first  part  to  show  the  negative 
wave  as  the  impulse  passed  to  the  ventricle. 

The  course  of  the  wave  of  negativity  in  the  ventricle  of  the  tortoise 
during  its  activity  was  studied  as  long  ago  as  1883  by  Burdon-Sanderson 
and  Page  (111),  using  the  capillary  electrometer.  These  investigators 
found  that  contacts  on  base  and  apex  yielded  diphasic  curves  indicating 
primary  negativity  of  the  base  with  passage  to  the  apex  and  termina- 
tion; in  other  words,  a  simple  wave  progressing  from  base  to  apex. 
This  was  confirmed  by  Waller  (112),  and  Bayliss  and  Starling  (113)  came 
to  the  same  conclusion  as  to  the  course  of  the  wave  in  the  mammaUan 
heart.  If  the  heart  were  cooled  or  was  in  otherwise  bad  condition, 
Bayliss  and  Starling  found  that  a  reversal  of  the  normal  direction  of 
the  electrical  wave  was  the  rule.  The  triphasic  waves  encountered  in 
the  mammaUan  heart  were  interpreted  as  indicating  a  maintenance  of 
the  condition  of  electrical  negativity  at  the  base  after  it  had  disappeared 
at  the  apex.  The  wave  was  supposed  to  begin  at  the  base,  as  indicated 
by  the  upstroke  on  the  curve,  to  pass  to  the  apex  and  produce  a  down- 
stroke  on  the  curve,  while  the  persistence  of  the  condition  of  negativity 
of  the  base  after  its  disappearance  at  the  apex  caused  a  final  upstroke. 
Gotch  (114)  obtained  similar  triphasic  curves  from  the  tortoise  and  rab- 
bit, but  interpreted  them  as  meaning  a  final  return  of  the  wave  to  the 
base.  He  believed  that  the  negative  wave  appeared  first  at  the  auricu- 
lar base,  passed  to  the  apex  and  returned  to  the  aortic  base,  a  course 
comparable  to  the  direction  in  the  primitive  cardiac  tube.  Meek  and 
Eyster  (110)  recorded  the  wave  of  negativity  over  the  surface  of  the 
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tortoise  ventricle  by  numerous  contacts  on  the  anterior,  dorsal  and 
lateral  surfaces,  and  found  the  wave  to  spread  around  the  auriculo- 
ventricular  ring  from  the  anterior  part,  thence  to  involve  the  whole 
base  of  the  ventricle  and  finally  to  pass  to  the  apex.  No  evidence  of 
final  base  negativity  was  found.  The  third  variation  of  the  triphasic 
curve  in  base  apex  leads,  comparable  to  the  T  wave  of  axial  electrocar- 
diograms, and  interpreted  by  Gotch  as  indicative  of  terminal  negativity 
at  the  base,  was  shown  to  be  obtained  from  cardiac  tissue  in  general 
without  reference  to  the  base  of  the  ventricles.  Clement  (115)  inves- 
tigated the  occurrence  of  the  wave  of  negativity  at  points  on  the  ventri- 
cular surface  of  the  frog  and  tortoise,  by  comparing  the  incidence  of 
the.  arrival  of  the  wave  at  pairs  of  electrodes,  the  terminations  of  which 
were  in  contact.^^  He  found  the  action  current  to  appear  on  the  surface 
almost  simultaneously  throughout,  although  the  base  and  apex  usu- 
ally preceded  the  mid-region  by  a  few  thousandths  of  a  second.  Extra- 
systoles  produced  by  artificial  stimulation  were  conducted  very  much 
more  slowly  in  the  form  of  a  wave  spreading  out  from  the  point  of 
stimulation.  Erfmann  (116),  using  the  same  method,  compared  the 
apex,  middle,  and  right  and  left  bases  of  the  ventricles  in  dogs'  and  cats' 
hearts  in  situ.  The  base  was  found  to  receive  the  excitation  a  few. 
thousandths  of  a  second  before  the  apex.  The  whole  surface  was  re- 
garded as  receiving  the  impulse  almost  simultaneously.  In  the  mam- 
malian heart  also  an  extra  contraction  produced  by  artificial  stimula- 
tion was  conducted  with  comparative  slowness.  Erfmann  noted  that 
the  ventricular  complex  of  the  axial  electrocardiogram  began  before 
(an  average  of  about  0.035  second)  the  occurrence  of  the  excitation 
wave  on  the  ventricular  surface,  indicating  that  some  internal  portion 
received  the  excitation  first.  Using  the  same  method  on  isolated  arti- 
ficially perfused  dogs*  hearts,  Schneider  (117)  found  the  apex  negative 
before  the  base,  the  reverse  of  that  described  by  Erfmann  in  hearts  in 
situ.    The  papillary  muscles  received  the  wave  of  negativity  before  the 

^7  The  two  electrodes  in  each  pair  were  connected  by  a  thread  of  woolen  yam 
and  the  middle  of  this  applied  to  the  heart  surface.  A  small  part  of  the  elec- 
trical change  in  the  heart  was  conducted  to  the  galvanometer,  but  sufficient  to 
cause  a  deflection.  By  the  use  of  electrodes  of  this  type  (''differential  electrodes'') 
it  is  thought  that  action  currents  arising  from  the  activity  of  distant  regions  and 
conducted  to  the  electrodes  by  the  heart  acting  as  an  indifferent  conductor  are 
avoided,  and  that  only  changes  are  recorded  due  to  tissue  activity  immediately 
beneath  the  electrodes.  The  difficulty  with  the  use  of  this  method  arises  from 
the  necessity  of  working  with  a  very  loose  galvanometer  string  in  order  to  record 
the  minute  currents  obtained. 
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apex  (an  averge  of  0.012  second)^^  while  the  area  showing  initial  nega- 
tivity was  found  to  be  the  interventricular  septum,  which  preceded  the 
earliest  external  surface  contact  by  an  average  of  0.03  second.^' 

Lewis  has  reported  a  series  of  experiments  on  the  hearts  of  toads, 
tortoises,  birds  and  dogs,  all  in  situ,  in  which  the  appearance  and  course 
of  the  wave  of  negativity  was  determined  by  the  direction  of  movement 
of  the  galvanometer  thread  and  by  comparing  the  incidence  in  direct 
leads  from  various  points  with  the  R  complex  of  the  axial  electro- 
cardiogram.*® Interior  as  well  as  surface  points  were  compared.  In  the 
toad  (125)  the  mid-region  of  the  ventricle  was  the  first  part  of  the  outer 
-surface  to  show  negativity,  but  this  was  preceded  by  the  internal  surface 
near  the  auriculo-ventricular  ring.  The  latter  coincided  in  time  with 
the  onset  of  the  R  complex,  indicating  further  that  it  was  the  first  part 
of  the  ventricle  to  receive  the  excitation  wave.  The  apex  preceded  the 
base  in  three  hearts,  while  the  reverse  was  true  in  two.  Surface  read- 
ings differed  by  0.015  to  0.035  second,  indicating  a  much  slower  propa- 
gation than  found  by  Clement.  The  truncus  arteriosus  was  the  last 
part  to  show  indications  of  activity.  It  was  concluded  that  the  excita- 
tion spread  from  the  internal  surface  of  the  auriculo-ventricular  ring 
outward  to  the  ventricular  surface  through  the  walls  of  the  ventricle. 
In  the  tortoise  (126)  similar  conditions  were  found,  except  that  both 

'*  Since  the  papillary  muscles,  in  reference  to  the  anatomical  distribution  of 
the  auriculo-ventricular  bundle,  should  be  one  of  the  earliest  parts  of  the  ven- 
tricles to  receive  the  impulse,  several  investigators  have  attempted  to  record 
their  contraction  by  mechanical  suspension  in  isolated  hearts  under  artificial 
perfusion.  With  the  difficulties  attending  the  recording  of  the  contraction  of  a 
small  mass  of  tissue  attached  to  a  larger  moving  mass  and  the  doubtful  inter- 
pretation of  records  thus  obtained,  it  is  not  surprising  that  the  conclusions 
should  have  been  divergent.  Roy  and  Adami  (118)  and  Fenwick  and  Oberand 
(119)  foimd  the  contraction  of  the  papillary  muscle  follows  contraction  of  the 
ventricles  as  a  whole.  The  former  worked  with  dogs,  the  latter  with  isolated 
rabbits'  hearts.  Hering  (110)  found  the  reverse  to  be  true  and  Haycraft  and 
Peterson  (121)  regarded  the  two  as  practically  simultaneous.  Finally,  Salsman 
(122)  found  that  the  anterior  papillary  muscle  contracted  after  the  base  but 
before  the  apex  of  the  ventricle. 

>»  De  Meyer  in  1907  (123)  found  the  outer  surface  of  the  ventricle  negative 
before  the  interior  surface  in  excised  frogs'  and  turtles'  hearts,  while  Straub 
(124)  found  in  artificially  perfused  tortoise  hearts  that  the  general  interior  sur- 
face (the  perfusion  solution  forming  a  single  electrode)  was  negative  before  the 
outside  apical  surface. 

**  Probable  sources  of  error  in  such  determinations  have  already  been  men- 
tioned (page  23).  Measurements  with  two  pairs  of  electrodes  in  the  heart 
surface  are  probably  less  subject  to  error. 
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the  internal  and  external  surfaces  of  the  base  were  negative  before  the 
apex.  In  the  bird  Lewis  (127)  found  that  the  whole  proceas  of  spread 
through  the  ventricle  occurred  within  0.02  second,  and  from  surface 
readings  as  well  as  electrocardiographic  analysis  (see  page  33),  con- 
cluded that  the  excitation  spread  downward  through  the  interventricu- 
lar septum  to  the  apices  and  thence  to  the  ventricular  bases.  More 
recent  observations  on  the  bird's  heart  by  Mangold  (38)  in  which  sur- 
face comparisons  of  negativity  were  made,  indicate  that  the  excitation, 
at  least  on  the  outer  surface,  reaches  the  apex  of  the  right  ventricle  and 
the  base  of  the  left  ventricle  first,  and  courses  in  opposite  directions  in 
the  two  ventricles.  In  the  dog  the  first  region  on  the  outer  surface  of 
the  ventricles  to  show  evidence  of  reception  of  the  excitation  was  found 
by  Lewis  and  Rothschild  (128)  to  be  the  ventral  surface  of  the  right 
ventricle  near  the  mid-region  of  the  septum.  The  wave  passes  from  here 
to  the  right  over  the  ventricle  and  to  the  base  and  apex.  The  left 
ventricle  shows  indication  of  surface  activity  first  at  the  apex.  Nega- 
tivity appears  almost  simultaneously  over  a  number  of  points  quite 
widely  separated,  indicating  that  it  is  not  conducted  in  the  form  of  a 
wave  through  the  superficial  heart  muscle  but  is  distributed  to  the  muscle 
through  the  conductive  sy^em  (ramifications  of  auriculo-ventricular 
bundle  and  Purkinje  network) .  Further  support  for  this  conclusion  was 
obtained  on  section  of  the  right  branch  of  the  auriculo-ventricular 
bundle,  which  resulted  in  no  change  in  the  time  of  arrival  of  the  excita- 
tion over  the  left  ventricle,  while  the  contacts  on  the  right  ventricle 
showed  a  delay  amounting  to  double  or  more  the  normal.  Comparison 
of  corresponding  points  on  the  interior  "or  endocardial  lining  with  the 
outer  epicardial  surface  showed  the  former  always  to  precede.  The 
difference  in  time  between  these  depended  on  the  thickness  of  the  mus- 
cular wall.  The  region  of  the  ventricle  showing  first  evidence  of  activ- 
ity was  found  to  be  an  area  of  the  endocardium  suppUed  bythe  initial 
branches  of  the  left  bundle  (septum  beneath  aortic  vs^lve).^^    The  main 

*^  Lewis  and  Rothschild  studied  the  time  of  arrival  of  the  negative  wave  at  a 
number  of  areas  on  the  endocardial  surface.  With  a  few  exceptions  these  read- 
ings showed  differences  of  only  a  few  thousandths  of  a  second,  probably  within 
errors  of  measurement.  These  small  differences  preclude  a  satisfactory  conclu- 
sion as  to  the  direction  of  the  spread  of  the  wave  on  the  endocardial  surface, 
but  do  indicate  that  this  spread  is  very  rapid.  The  larger  differences  of  read- 
ing on  the  epicardial  surface  are  satisfactorily  accounted  for  by  the  assumption, 
which  these  authors  made,  that  the  excitation  spreads  out  from  the  Purkinje 
system  through  the  usual  ventricular  musculature,  and  since  the  velocity  is  less 
in  this,  difference  in  thickness  of  the  muscle  mass  would  make  considerable  dif- 
'  ference  in  the  arrival  of  the  wave  at  different  points  on  the  epicardial  surface. 
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conclusion  from  this  work  was  that  the  excitation  wave  is  distributed 
throughout  the  endocardial  surface  by  the  branches  of  the  bundle  and 
the  Purkinje  network  and  passes  from  the  terminations  of  this  system 
to  the  musculature  of  the  ventricles.  The  estimated  velocity  of  the 
excitation  wave  in  the  special  conductive  system  was  from  3000  to  5000 
mm.  per  second,  a  velocity  approximately  ten  times  as  fast  as  that  in 
the  ordinary  ventricular  muscle.^ 

DEDUCTIONS  AS  TO  THE  COURSE  OP  THE  EXCITATION  WAVE  IN  THE 
VENTRICLE  FROM  ANALYSIS  OF  THE  ELECTROCARDIOGRAM 

Electrocardiograms,  obtained  by  leading  from  electrodes  applied  to 
the  surface  of  the  body,  are  to  be  regarded  as  formed  by  a  summation 
of  the  various  action  currents  developed  in  the  heart  during  the  pas- 
sage of  the  excitation  from  its  point  of  origin  to  its  final  termination  in 
the  ventricles  and  the  muscular  contractions  which  follow  in  its  wake. 
Einthoven  in  1912  (130)  called  attention  to  the  fact  that  if  simultaneous 
points  on  the  three  standard  electrocardiographic  leads  are  known,  and 
the  direction  and  magnitude  of  the  electrical  change  recorded  by  each 
are  determined,  it  is  possible  to  find  the  direction  of  the  potential  dif- 
ference in  the  heart  by  using  the  method  of  the  equilateral  triangle.^ 
This  method  was  submitted  to  analysis  by  Einthoven,  Fahr  and  De- 
Waart  (131)  and  was  applied  to  a  determination  of  the  direction  of  the 
electromotive  force  during  different  phases  of  the  ventricular  cycle  by 
Fahr  and  Weber  (132).    The  curves  from  the  three  leads  give  the 

"  Hering  (75)  attempted  to  measure  the  velocity  of  conduction  in  the  auriculo- 
ventricular  bundle  and  its  branches  by  comparing  the  incidence  between  the 
stimulus  and  ventricular  contraction  when  the  ventricular  end  of  the  severed 
bundle  was  stimulated  and  when  the  ventricle  was  stimulated  directly.  No 
difference  could  be  found.  Erlanger  (129)  measured  the  velocity  of  conduction 
in  the  false  tendons  connecting  the  branches  of  the  bundle  and  the  papillary 
muscles,  which  histological  examination  showed  are  made  up  entirely  of  Pur- 
kinje tissue.  The  experiments  were  carried  out  on  calves'  hearts  under  artificial 
perfusion,  and  the  rate  of  conduction  was  estimated  by  the  difference  in  the 
incidence  of  ventricular  response  to  two  stimuli  at  different  points  on  the  tendon. 
The  average  figure  obtained  was  730  mm.  per  second,  regarded  by  the  author 
as  probably  lower  than  the  true  velocity,  because  measurement  of  the  distance 
between  the  points  stimulated  was  made  on  the  flaccid  tendon. 

*'  The  three  standard  electrocardiograph  leads  (lead  I,  two  arms,  lead  II, 
right  arm,  left  leg,  lead  III,  left  arm,  left  leg)  form  a  sufficiently  accurate  equi- 
lateral triangle,  since  the  potential  difference  between  the  two  legs  is  so  small 
that  it  can  be  neglected. 
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potential  differences  of  the  three  comers  of  an  equilateral  triangle  lying 
in  the  frontal  plane  of  the  body  at  every  instant  in  the  cardiac  cycle, 
near  the  center  of  which  lies  the  source  of  these  potential  differences, 
the  heart.  The  direction  of  the  potential  differences  within  the  triangle 
can  be  determined  by  plotting  the  value  of  the  potential  difference 
between  comers  (as  determined  by  leads  I  and  II,  or  II  and  IH)  at 
synchronous  points  along  two  sides,  dropping  perpendiculars  from  these 
and  connecting  the  point  of  intersection  with  the  vertex  of  the  angle 
formed  at  the  corresponding  comer  of  the  triangle.  This  line  is  then 
transferred  to  the  center  of  the  triangle.  Its  direction  has  the  direction 
of  the  potential  difference  in  the  heart  (electrical  axis)^  as  manifested 
on  the  body  surface  at  this  moment,  and  its  length  expresses  the  so- 
called  "manifest  value"^  of  the  potential.  By  similar  plotting  from 
instant  to  instant  throughout  the  ventricular  cycle,  there  is  obtained  a 
curve  expressing  the  change  in  direction  of  the  resultant  potential  dif- 
ference and  its  magnitude  throughout  the  progress  of  the  cycle.^'  While 
such  an  analysis  gives  nothing  more  than  the  direction  and  magnitude 
of  the  resultant  vector  of  potential  differences  in  the  heart,  if  considered 
in  the  light  of  our  knowledge  of  the  architecture  of  the  conductive  sys- 
tem, certain  inferences  may  be  drawn  as  to  the  path  of  the  excitation 
in  the  ventricle. 

Fahr  and  Weber  (132)  and  Fahr  (133)  found  that  the  initial  resultant 
negativity,  in  most  human  hearts,  corresponding  to  the  Q  wave  in  the 
electrocardiogram,  is  placed  to  the  right  of  the  center  of  the  triangle  and 
progresses  in  a  clockwise  direction  through  an  angle  of  approximately 
220°  to  the  termination  of  the  S  wave  of  the  electrocardiogram.  In  a 
smaller  number,  in  which  a  Q  wave  occurs  in  leads  I  and  II,  initial  result- 
ant negativity  points  toward  the  left.  There  then  follows  a  period  in 
which, the  vectors  are  zero  (space  between  S  and  T  waves  of  electro- 

'<  Currents  flowing  in  other  planes  than  the  frontal  are  projected  in  this 
plane  and  their  components  corresponding  to  this  plane  form  a  part  of  the 
total  value  obtained.  The  three  leads  of  electrocardiography  lie  in  the  frontal 
plane,  so  there  is  obtained  only  potential  differences  in  this  plane  or  projection 
upon  this  plane  of  potential  differences  lying  in  other  planes  of  space. 

**  The  manifest  value  is  a  magnitude  formed  by  the  geometrical  summation 
in  the  frontal  plane  of  the  body  of  all  the  action  currents  present  in  the  heart 
at  that  moment. 

*•  Fahr  and  Weber  found  from  experiments  made  on  the  cadaver,  in  which 
potential  differences  were  induced  in  the  heart  by  the  direct  application  of  a 
current  from  a  storage  battery,  that  the  direction  of  potential  difference,  as 
indicated  by  the  vector,  was  accurate  within  d=  10  degrees. 
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cardiogram),  expressing  the  condition  of  negativity  of  the  whole  mass 
of  muscle.  The  more  important  points  in  reference  to  the  course  of  the 
excitation  wave,  as  inferred  from  the  above  results,  are  as  follows.  Ini- 
tial resultant  negativity  is  in  most  cases  on  the  right  side,  due  probably 
to  the  short  distance  of  the  right  bundle  branch  to  the  subendocardium 
of  the  right  ventricle.  Its  first  distribution  in  the  right  side  is  nearer 
apex  than  base.  Within  a  short  interval  the  negative  wave  has  spread 
to  the  base  of  the  right  ventricle  and  to  the  left  ventricle,  and  the' 
vector  then  moves  to  the  left  of  the  midline,  indicating  preponderance 
of  negativity  in  the  left  ventricular  base.  The  spread  to  the  left  base 
is  through  two  paths  (two  divisions  of  left  bimdle  branch),  which  results 
in  the  excitation  reaching  a  large  mass  of  muscle  at  this  time.  Later 
the  vector  rotates  toward  the  left  apex  with  the  involvement  of  this 
region,  and  the  manifest  value  becomes  very  small,  indicating  that 
nearly  the  whole  of  the  ventricular  musculature  has  become  involved. 
Lewis  (134)  has  analyzed  the  spread  of  the  excitation  separately  in 
each  ventricle  of  the  dog's  heart  by  the  method  of  the  equilateral  tri- 
angle. In  a  previous  paper  Lewis  and  Rothschild  (128)  had  shown  that 
when  one  branch  of  the  auriculo-ventricular  bundle  was  cut,  there  was 
a  delay  of  several  hundredths  of  a  second  in  the  spread  of  the  excitation 
to  the  corresponding  ventricle,  a  time  nearly  or  quite  sufiicient  for  the 
completion  of  the  Q  R  S  group  of  the  electrocardiogram.^^  This  delay 
is  due  to  the  fact,  that  the  normal  path  of  the  excitation  to  the  ventricle 
is  eliminated  and  the  excitation  spreads  from  that  ventricle  still  retain- 
ing, connection  with  the  bundle  across  the  interventricular  groove.  By 
cutting  the  branches  to  one  or  the  other  ventricle  it  was  thus  possible 
to  obtain  electrocardiograms  signalling  the  course  of  the  excitation 

*^  Eppinger  and  Rothberger  (135)  and  Rothberger  and  Winterberg  (136)  had 
previously  sectioned  the  branches  of  the  bundle  in  dogs  and  studied  the  changes 
in  the  axial  electrocardiograms.  They  found  that  section  of  either  branch 
resulted  in  a  profound  change  in  the  curve,  which  assumed  the  unusual  form 
characteristic  of  extrasy stoles  of  the  affected  ventricle.  They  regarded  the 
atypical  electrocardiogram  as  due  to  the  abnormal  conduction  to  the  ventricle 
separated  from  the  bundle,  the  impulse  spreading  to  it  from  the  other  ventricle 
and  thus  entering  it  and  being  conducted  through  it  in  an  abnormal  manner. 
Eppinger  and  Stoerk  (137)  published  similar  curves  from  five  clinical  cases 
supposedly  due  to  right  bundle  branch  defect,  this  conclusion  being  supported 
in  two  by  examination  at  autopsy.  Subsequent  clinical  examples  were  furnished 
by  Lewis  (138),  by  Mathewson  (139),  by  Carter  (140)  and  by  Wilson  and  Her- 
mann (141).  Cohn  and  Lewis  (142)  reported  that  in  four  of  the  cases  described 
by  Carter,  the  pathological  findings  failed  to  support  the  diagnosis  of  bundle 
branch  block. 
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through  one  ventricle  alone,  namely,  the  one  retaining  connection  with 
the  bundle,  for  a  period  comprising  most  or  all  that  required  for  the 
spread  of  the  excitation  (period  of  QRS  group).  Lewis  designated 
the  electrocardiograms  obtained  as  levograms  and  dextrograms.  Anal- 
ysis of  the  dextrogram  showed  the  vectors  to  take  a  clockwise  path  with 
initial  resultant  negativity  at  the  base  and  terminal  at  the  apex.  The 
levogram  showed  on  the  other  hand  an  anti-clockwise  movement  with 
initial  resultant  negativity  near  the  mid-region  and  termination  at  the 
apex.  These  directions  correspond  with  the  inference  of  a  spread 
through  the  initial  branches  of  the  bimdle  to  the  interventricular  septum, 
the  apices  and  around  through  the  subendocardial  Purkinje  network  on 
each  side  to  the  ventricular  bases.^*  From  each  point  in  the  Purkinje 
network  during  this  spread  the  excitation  is  regarded  as  passing  out 
through  the  ventricular  muscle  to  reach  the  epicardial  surface.  By  a 
combination  of  the  levogram  and  dextrogram  from  the  same  heart, 
Lewis  further  found  that  a  curve  characteristic  of  the  normal  electro- 
cardiogram was  obtained,  and  that  therefore  if  any  two  of  these  curves 
were  at  hand  the  third  could  be  determined.  He  concluded  that  the 
electrocardiogram  (QRS  group)  is  a  "bigram"  or  smnmation  curve  of 
the  action  currents  in  the  conduction  system  of  the  two  ventricles  (levo- 
gram and  dextrogram)  .2* 

In  a  subsequent  conununication  Lewis  (145)  analyzed  the  spread  of 
the  excitation  by  the  method  of  the  equilateral  triangle  in  two  human 
cases,  one  of  supposed  left,  the  other  of  supposed  right  bundle  branch 
lesion.  The  former  (dextrogram)  showed  a  clockwise  rotation  of.  the 
vectors,  in  a  general  way  similar  to  that  obtained  on  section  of  the  left 
bundle  branch  in  dogs.  The  latter  (levogram),  showed  an  anti-clock- 
wise movement,  again  resembling  fairly  closely  the  corresponding  cm^e 

*"  It  should  be  pointed  out  that  the  method  of  the  equilateral  triangle  has  not 
been  proven  to  be  valid  for  the  dog  and  the  shape  of  the  body  makes  it  probable 
that  it  would  not  hold  true. 

**  Selenin  (143)  had  previously  put  forward  a  similar  view  from  the  results 
of  the  action  of  digitalis  on  the  dog's  electrocardiogram,  and  a  study  of  the 
atypical  curves  obtained  by  extrasystoles  occurring  in  the  right  and  left  ven- 
tricles respectively.  He  found  that  a  combination  of  the  atypical  electrocar- 
diogram from  right  and  left  ventricular  extrasystoles  gave  an  approximately 
normal  electrocardiogram.  According  to  Eiger  (144),  the  electrocardiogram  of 
each  ventricle  separately  is  a  composite  of  two  curves  arising  from  the  upward 
and  downward  passage  of  the  excitation  wave  from  the  termination  of  the  bundle 
branches,  and  the  electrocardiogram  of  the  whole  heart  is  formed  by  a  sunm^ia- 
tion  of  these. 
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in  dogs  after  section  of  the  right  bundle  branch.  Lewis  also  presented 
the  data  obtained  from  a  large  Rhesus  monkey  after  experimental  sec- 
tion of  the  right  bundle  branch  with  subsequent  histological  control. 
The  vectors  show  an  anti-clockwise  rotation  resembling  the  supposed 
levogram  of  the  clinical  cases. 

DISCUSSION 

Attempt  has  been  made  in  this  review  to  present  the  experimental 
facts  as  obtained  by  various  investigators  impartially  so  far  as  concerns 
any  "theory"  of  the  origin  and  conduction  of  the  heart  beat.  A  consid- 
eration of  the  experimental  evidence  we  believe,  however,  lends  strong 
support  to  the  view  that  the  property  of  impulse  initiation  and  conduc- 
tion is  normally  a  function  of  the  nodal  tissues  and  the  connecting  ana- 
tomically differentiated  structures.  Initial  activity,  so  far  as  we  are  able 
to  determine  it,  is  normally  associated  in  both  the  lower  vertebrate  and 
mammalian  heart  with  the  sino-auricular  node.  Abolition  of  the  func- 
tion of  this  region  results  in  the  assumption  of  the  "primum  moyens"  by 
that  part  of  the  heart  containing  a  similar  mass  of  tissue  (auriculo-ventric- 
ular  node),  separated  a  considerable  distance  from  the  normal  seat  of 
initial  activity.  Furthermore,  most  workers  have  found  that  the  occur- 
rence of  all  impulses  arising  within  the  heart  under  various  abnormal  or 
upusual  circumstances  (so-called  ectopic  beats),  may  be  referred  to  one  of 
the  nodes  or  to  some  part  of  the  auriculo-ventricular  bundle.  The  only 
apparent  exception  to  this  is  auricular  fibrillation,  in  which  the  experi- 
mental evidence  indicates  that  the  impulses  may  be  initiated  in  various 
portions  of  the  auricular  musculture.  The  type  of  contraction  in  this 
rhythm  departs  widely,  however,  from  the  contraction  in  other  rhythms, 
in  the  absence  of  coordination  between  the  individual  muscle  fibers. 
If  this  poi^t  of  view  is  adopted,  the  myogenic-neurogenic  controversy 
becomes  a.  question  to  be  decided  by  the  histologist  and  the  neurologist, 
and  is  a  matter  of  the  fundamental  nature  of  the  "neuro-muscular" 
tissues  composing  these  structures.  Recognition  of  this  fact  is  per- 
haps no  better  expressed  than  by  the  great  reduction  of  contributions 
to  the  literature,  during  the  past  ten  years,  concerning  this  prolonged 
and  formerly  active  physiological  controversy.  According  .to  this  view, 
the  tissues  comprising  the  two  nodes  and  the  bundle  with  its  ventricular 
connections,  are  to  be  regarded  as  that  part  of  the  heart  which  serves 
the  function  of  initiating  the  excitation  (property  of  automaticity  or 
response  to  the  "inner  stimulus")  and  distributing  it  in  a  coordinated 
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manner  to  the  musculature  of  the  auricles  and  ventricles,  the  main 
function  of  which  is  contraction.*^ 

The  only  line  of  modem  experimental  evidence  uniformly  opposed  to 
the  view  of  the  sino-auricular  node  as  the  normal  seat  of  impulse  initia- 
tion, is  that  obtained  from  a  study  of  the  automaticity  of  isolated 
strips  from  the  veno-auricular  regions  of  the  heart.  These  experiments, 
which  have  been  quoted  in  preceding  pages,  have  been  carried  out  by 
Erlanger*^  and  his  co-workers.  It  would  seem  that  a  reasonable  objec- 
tion to  the  interpretation  of  these  experiments  in  opposition  to  the  view 
that  nodal  tissue  is  of  paramount  importance  for  automaticity,  is  to  be 
found  in  the  injury  to  which  the  heart  tissue  is  subjected  and  the  very 
abnormal  conditions  under  which  it  is  studied.  The  mechanical  abuse 
^aesoeiated  with  preparation  of  the  strips,  interruption  of  the  vascular 
supply  and  exposure  to  artificial  perfusion  solutions,  may  very  readily 
alter  normal  reactions  and  lead  to  the  development  of  abnormal  activity. 
There  would  seem  to  be  no  question  that  areas  of  the  caval  and  ri^t 
aiuicular  regions  outside  of  the  sino-aiuicular  node  can  develop  auto- 
matic power  as  indicated  by  liiythmic  beating.  Skeletal  muscle,  too, 
may  show  evidences  of  rhythmidty  under  abnormal  environmental 
conditions — (Loeb  (1884),  Dynamics  of  living  matter,  1906,  p.  82) — 
yet  there  is  no  evidence  that  this  ever  occurs  in  the  living  intact  animal. 
As  we  have  seen,  most  of  the  experimental  evidence,  it  is  true  of  a 
negative  character  by  necessity  of  the  case,  indicates  that  only  regions 
containing  nodal  tissue  show  automatic  power  in  the  intact  heart  under 
approximately  normal  conditions.  We  cannot  but  feel  that  the  results 
from  observations  of  cardiac  strips  might  be  held  of  considerable  value 
if  corroborating  other  experimental  evidence,  but  are  of  little  signifi- 
cance when  such  other  evidence  is  uniformly  in  opposition. 

**  It  18  possible  that  differentiation  of  the  properties  of  automatieity,  con- 
ductivity and  contractility  in  the  mammalian  heart  has  reached  the  point  where 
certain  strucures  have  entirely  lost  one  property  at  the  expense  of  the  develop- 
ment of  others  to  a  pronounced  degree.  Eyster  and  Meek  (33)  found  in  dying 
hearts  that  the  sulcus  tenninalis  showed  no  visible  contractions,  while  examina- 
tion by  the  initial  negativity  method  showed  that  the  visible  contractions  in 
neighboring  regions  of  the  auricle  and  vena  cava  were  resulting  from  excitations 
from  this  apparently  quiescent  region.  Erlanger  (129)  was  unable  to  find  any 
evidence  of  contraction  in  false  tendons  composed  of  branches  of  the  bundle, 
although  the  rate  of  conduction  is  faster  in  these  than  in  ventricular  muscle. 

*>  An  excellent  presentation  6f  the  view  which  regards  various  portions  of  the 
veno-auricular  region  as  normally  possessing  automatic  power  and  against  the 
recognition  of  the  sino-auricular  node  as  of  paramount  importance  has  been 
given  by  Erlanger  (93). 
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Grfmted  that  the  impulse  arises  nonnally  within  or  in  the  immedi- 
ate neighborhood  of  the  sino-auricular  node,  the  major  point  of  issue 
is  perhaps  the  question  as  to  its  manner  of  conduction  to  the  auriculo- 
ventricular  node.  In  regard  to  this  it  may  be  said  that  most  anatomical 
work  has  failed  to  reveal  a  connection  between  the^two  nodes  composed 
of  tissue  resembling  the  nodes  or  the  auriculo-ventricular  bundle,  and  it 
would  seem  probable  that  conduction  between  the  two  occurs  by  the 
usual  cardiac  tissue;  however,  the  possibility  of  the  satisfactoiy  con- 
firmation of  those  workers  who  have  found  an  anatomically  differen- 
tiated connection  is  not  to  be  excluded.  From  the  experimental  stand- 
point, aU  observations  seem  to  agree  that  conduction  is  rather  diffuse, 
or  at  least  not  limited  to  a  narrow  path  such  as  exists  between  the 
auriculo-ventricular  node  and  the  ventricles.  According  to  one  view, 
this  path  is  very  diffuse,  and  occurs  through  the  ri^t  atrium,  while 
according  to  another  view  the  excitation  passes  to  the  atrium  and  auric- 
ulo-ventricular nodes  separately,  althou^  passage  through  the  atrium 
may  occur  when  the  spread  in  the  normal  direction  is  prevented.  This 
latter  view  assumes  two  or  more  possible  paths  of  unequal  resistance, 
the  excitation  normally  taking  the  path  of  least  resistance. 

In  the  frog  and  tortoise  the  excitation  spreads  to  the  ventricle  by 
way  of  the  fibers  passLog  downward  from  the  auriculo-ventricular  ring, 
the  so-called  funnel.  The  conduction  path  is  broad  and  the  excitation 
presumably  passes  down  all  the  fibers  of  the  funnel,  although  there  is 
evidence  that  not  all  the  funnel  is  necessary  for  conduction  and  per- 
haps certain  parts  are  more  important  in  this  connection  than  others. 
The  excitation  passes  to  the  ventricular  muscle  and  most  workers  agree 
that  it  proceeds  as  a  simple  wave  to  the  apex,  where  it  terminates. 

Delay  in  the  spread  of  the  excitation  from  the  supra-ventricular  re- 
gions to  the  ventricles  in  the  mammalian  heart  apparently  occurs,  in 
larger  part,  in  the  auriculo-ventricular  node.  Having  passed  the  nodei, 
the  excitation  is  distributed  through  the  auriculo-ventricular  bimdle,. 
and  probably  reaches  the  ventricular  musculature  through  the  exten- 
sive subendocardial  Purkinje  network.  The  spread  through  this  i^ys- 
tem  is  rapid,  so  rapid  indeed  that  it  is  difficult  or  impossible  to  deter- 
mine veiy  definitely  the  direction  taken  by  the  excitation.  Due  to> 
the  extensive  branching  of  the  auriculo-ventricular  conducting  S3rstem 
the  excitation  probably  spreads  in  various  directions,  and  no  longer 
proceeds  as  a  single  wave  along  a  circumscribed  path.  Determinations 
of  the  incidence  of  negativity  on  the  endocardial  surfaces  have  given 
differences  of  only  a  few  thousandths  of  a  second.    According  to  some 
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investigators  this  is  also  true  of  the  epicardial  surface.  Others  find, 
however,  that  while  many  epicardial  surface  points  receive  the  excita- 
tion at  approximately  the  same  time,  there  are  other  regions  which  do 
not  become  excited  until  a  few  hundredths  of  a  second  later.  This 
slower  conduTjtion  to  the  latter  regions  may  be  due  to  a  longer  conduct- 
ing path  or  to  a  slow  rate  of  propagation  through  the  ordinary  muscu- 
lature after  the  excitation  leaves  the  Purkinje  system,  thus  reaching  the 
outer  surface  over  regions  where  the  ventricular  muscle  is  thin  before 
it  reaches  the  surface  areas  overljdng  thicker  masses  of  muscle.  All 
recent  workers  seem  to. agree  that  in  the  mammalian  ventricle  the  exci- 
tation cannot  be  regarded  as  a  simple  wave  propagated  in  a  single  path, 
but  it  is  to  be  regarded  as  coursing  in  various  directions  through  the 
complex  ramifications  of  the  conduction  system. 
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THE  PRESENT  STATUS  OF  THE  PROBLEMS  OF 
ANAPHYLAXIS 

H,  GIDEON  WELLS 

Fr(mi  the  Olho  S.  A,  Sprague  Memorial  Institute  and  the  Department  of  Pathotogy 
of  the  University  of  Chicago 

The  literature  of  anaphylaxis  and  related  topics,  and  the  number  of 
unsettled  problems,  are  both  too  vast  to  permit  of  an  exhaustive  review 
within  the  scope  contemplated  by  these  Phtsiological  Reviews, 
even  if  there  were  not. already  numerous  excellent  and  adequate  com- 
pilations of  this  sort  in  available  literature  (1).  In  order  to  avoid 
covering  again  too  much  of  the  groimd  already  thoroughly  surveyed 
by  others,  this  review  will  limit  itself  to  discussing  what  seem  to  be  the 
most  essential  problems  in  the  light  of  the  more  recent  contributions. 


Much  imnecessary  work  and  many  misleading  statements  would 
have  been  avoided  in  the  past  if  more  attention  had  been  given  to 
these  essential  points.  Not  all  sudden  attacks  of  d3rspnea  and  con- 
vulsions in  injected  guinea  pigs,  or  of  cardiac  syncope  or  cutaneous 
irritation  in  man,  are  manifestations  of  anaphyla»s,  or  are  even  related 
to  this  condition  beyond  in  a  greater  or  less  similarity  of  these  par- 
ticular symptoms.  Even  distention  of  the  limgs  in  guinea  pigs,  cir- 
culatory disturbances  in  rabbits,  or  splanchnic  congestion  in  dogs, 
following  intravascular  injections  of  foreign  materials,  are  not  neces- 
sarily proof  of  a  true  anaphylactic  reaction,  for  each  and  all  may  be 
produced  by  materials  or  imder  conditions  that  surely  do  not  involve 
the  same  processes  that  are  responsible  for  the  reaction  which  occurs 
when  a  small  quantity  of  an  otherwise  harmless  protein  is  injected  into 
an  animal  that  has  been  previously  prepared  at  a  sufficiently  great 
interval  of  time,  by  injection  of  the  same  protein.  We  must  grant 
that  this  last  is  true  anaphylaxis,  and  must  demand  that  the  term 
anaphylaxis  be  limited  to  conditions  that  result  from  a  similar  mechan- 
ism within  the  body  of  the  reacting  animal.  At  least  the  following 
criteria  must  be  met: 
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1.  The  observed  toxicity  of  the  injected  material  must  depend  upon 
the  sensitization  of  the  animal;  i.e.,  the  substance  must  not  produce 
similar  symptoms  in  non-sensitized  animals. 

2.  The  sjrmptoms  produced  must  be  those  characteristic  of  anaphy- 
lactic intoxication  as  observed  in  the  usual  reactions  with  typical 
soluble  proteins,  being  therefore  the  same  for  all  antigens  with  the  same 
test  animal,  but  differing  characteristically  with  each  species  of  animal. 

3.  It  should  be  possible  to  demonstrate  passive  sensitization  with 
the  serum  of  sensitized  animals. 

4.  It  should  be  possible  to  demonstrate  typical  reactions  in  the 
virgin  guinea  pig  uterus  strip. 

5.  It  should  be  possible  to  demonstrate  amelioration  or  prevention 
of  the  bronchial  spasm  in  guinea  pigs  by  proper  use  of  atropin  and 
epinephrin. 

6.  The  possibility  that  the  observed  symptoms  are  caused  by  capil- 
lary thrombosis  or  embolism  must  be  excluded, 

7.  After  recovery  from  anaphylactic  shock  there  should  be  exhibited 
a  condition  of  desensitization  under  proper  conditions. 

We  know  that  the  foregoing  conditions  are  fulfilled  in  the  typical 
anaphylactic  reaction  with  soluble  protein  antigens.  Reactions  pro- 
duced by  substances  not  coming  within  this  class  cannot  properly  be 
considered  as  true  anaphylactic  reactions  unless  they  can  be  demon- 
strated to  exhibit  the  same  phenomena.  The  term  allergy  is  broad 
enough  to  cover  all  those  manifestations  of  altered  reactivity  and  to 
indicate  their  relationship  to  one  particular  form  of  allergy,  anaphylaxis. 

An  important  series  of  papers  by  Karsner  and  Hanzlik  (2)  demon- 
strates the  conunon  sources  of  error  in  much  of  the  published  work  on 
anaphylaxis,  and  especially  on  the  supposed  formation  of  anaphyla- 
toxin  in  vitro  by  other  than  antigen-antibody  reactions.  It  will  be 
recalled  that  Friedberger,  Bordet,  Novy  and  DeKruif,  and  others, 
have  observed  symptoms  considered  to  be  characteristic  of  anaphylaxis 
following  intravenous  injection  into  animals  of  serum  that  has  been 
acted  upon  by  colloids,  such  as  agar  and  inulin,  or  suspensions,  such  as 
kaolin  or  starch,  or  after  injection  of  these  same  colloids  or  suspensions. 
Likewise,  anaphylactic  shock  is  said  to  have  followed  intravenous 
injections  of  acacia,  arsphenamine  and  many  other  substances  used  in 
human  therapeutics.  In  most  of  the  animal  experimentation  the  proof 
of  the  anaphylactic  character  of  the  reaction  has  rested  not  only  on 
symptomatology  but  also  on  the  presence  of  apparently  typical  bron- 
chial spasm  with  persistent  pulmonary  distention  in  guinea  pigs,  or 
fall  in  blood  pressure  with  splanchnic  congestion  in  dogs. 
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Karsner  and  Hanzlik  show  that  agar  and  numerous  other  substances 
produce  "anaphylactoid"  symptoms  after  intravenous  injection,  by 
virtue  of  their  causing  occlusion  of  the  pulmonary  capillaries  by  throm- 
bosis or  by  agglutinated  corpuscles  or  platelets.  With  such  capillary 
obstruction,  which  is  demonstrated  both  by  finding  the  emboli  and  by 
the  stoppage  of  perfusion  fluids  injected  into  the  pulmonary  vessels, 
there  may  occur  a  marked  bronchial  constriction  which  causes  asphyxia 
and  permanent  distention  of  the  limgs.  This  bronchial  constriction, 
which  has  commonly  been  interpreted  as  proof  of  a  true  anaphylactic 
shock,  differs  from  that  of  true  anaphylaxis  in  not  depending  on  a  con- 
traction of  the  bronchial  musculature,  which  they  contend  is  shown  by 
the  failure  of  epinephrin  and  atropin  to  influence  the  respiratory 
effects  of  agar  in  the  same  way  that  they  control  anaphylactic  bronchial 
spasm.  "On  the  basis  of  the  results  obtained  with  atropin  and  epi- 
nephrin, the  mechanism  of  the  action  of  agar  and  similar  agents  bears 
no  relationship  to  true  anaphylaxis  or  anaphylactic  shock."  How  the 
"passive  broncho-constriction"  of  agar  intoxication  is  produced  is  not 
altogether  satisfactorily  explained. 

The  agar  forms  thrombi  which  block  the  small  pulmonary  vessels,  surrounding 
the  bronchioles,  which  in  turn  are  compressed  by  the  vis  a  tergo  of  the  pulmonary 
flow  from  the  right  heart  of  the  intact  animal,  and  of  the  perfusion  fluid  in  sur- 
viving lungs.  In  the  perfused  lung  the  flow  of  perfusion  fluid  stops.  The  com- 
pressed bronchioles  are  sufficiently  narrowed  in  caliber  to  prevent  the  escape  of 
the  air  forced  in  by  the  violent  efforts  of  inspiratory  dyspnoea  of  the  intact 
animal  and  the  artificial  respiration  of  the  perfused  limgs.  In  other  words  there 
is  a  passive  broncho-constriction  (really  a  compression  of  the  bronchi),  and  as 
a  result  permanent  inflation  of  the  lung It  is  conceivable  that  addi- 
tional broncho-constriction  is  superimposed  as  a  result  of  central  asphyxial  stim- 
ulation of  the  vagus  (parasympathetic)  on  the  passive  constriction  primarily 
brought  about. 

The  capacity  of  agar  to  produce  agglutination  of  red  corpuscles  is 
very  marked.  Concentrations  as  low  as  0.001  per  cent  cause  aggluti- 
nation in  vitro,  while  the  corresponding  figures  for  other  colloids 
(e.g.,  acacia,  1.0;  althea,  0.08;  collargol,  0.(X)5;  gelatin,  0.05;  nuclein, 
0.5;  beef  serum,  0.(X)5  per  cent)  indicate  their  capacity  to  cause  ana- 
phylactoid symptoms  when  injected  intravenously.  Therefore  it  is 
not  surprising  that  on  intravenous  injection  "the  quantity  of  agar- 
necessary  to  produce  profoimd  effects  and  even  death,  is  remarkably 
small,  namely,  about  0.014  to  0.05  mgm.  per  gram  of  body  weight,  or 
about  0.014  to  0.025  per  cent  concentration  of  agar  in  the  blood.". 
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Perhaps  it  should  be  added  that  ^'no  emboli,  thrombi  or  conglutinated 
corpuscles  were  demonstrable  in  perfused  or  intact  limgs  of  anaphy- 
lactic shock,  after  peptone,  certain  serums  and  histamine.  All  of 
these  agents  were  also  active  smooth  muscle  stimulants  in  other  regions 
besides  bronchi,  namely  uterus  and  intestine." 

With  the  above  facts  established  it  must  be  recognized  that  much- of 
the  work  published  and  interpreted  as  anaphylaxis  deals  rather  with 
anaphylactoid  phenomena.  In  working  with  vegetable  proteins,  the 
danger  of  confusion  of  capillary  embolism  is  particularly  marked,  since 
many  plant  products  are  powerfully  hemagglutinative,  especially 
extracts  from  the  legimiinous  seeds,  while  many  vegetable  proteins  are 
thrown  out  of  solution  by  serum.  ^  I  have,  therefore,  usually  selected 
the  intraperitoneal  route  with  the  view  of  avoiding  these  sources  of 
error.  Karsner  and  Hanzlik  have  not  investigated  the  amount  of 
obstruction  to  pulmonary  capillaries  that  may  follow  intraperitoneal 
injection  of  foreign  colloids.  Presumably  it  is  much  less,  and  perhaps 
entirely  absent,  but  they  do  mention  some  slight  pulmonary  symptoms 
following  subcutaneous  injections  of  thromboplastic  agents.  Certainly 
in  anaphylactic  investigations,  especially  when  the  intravenous  injec- 
tion is  used,  the  burden  of  proof  of  the  nature  of  observed  reactions  Ues 
heavily  upon  the  investigator. 

NATUBE  OP  THE  ANTIGENS  (aNAPHYLACTOGENS) 

It  now  seems  to  be  generally  accepted  that  true  anaphylaxis  repre- 
sents an  antigen-antibody  reaction,  but  as  yet  there  is  not  such  com- 
plete .agreement  as  to  what  the  antibody  is  or  as  to  what  substances 
may  behave  as  antigens  in  this  particular  reaction,  i.e.,  anaphylac- 
togens.  There  is  no  doubt  that  any  soluble  protein  which  can  act  as 
an  antigen  in  other  immunological  reactions  can  act  as  an  anaphylac- 
togen,  and  the  only  soluble  proteins  as  yet  found  not  to  be  antigenic 
are  those  which  are,  from  the  chemical  sense,  incomplete  proteins. 
As  might  be  expected,  such  proteins  as  have  a  very  small  variety  of 
amino  acids  are  the  chief  examples  of  the  non-antigenic  proteins, 
notably  the  protamines  and  histones  (3) ;  also  the  commonly-occurring 
complexes  of  these  with  non-protein  radicals,  notably,  the  nucleopro- 
teins  (4)  or  hemoglobins  (5).    However,  so  complex  and  soluble  a 

*  Undoubtedly  the  results  obtained  with  the  juice  of  Cotyledon  scheideckeri  by 
Kritcheweky  (94)  are  merely  anaphylactoid  phenomena  from  a  hemagglutinative 
and  precipitating  plant  extract. 
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protein  as  gelatin  seems  to  have  absolutely  no  antigenic  power,  whether 
tested  by  anaphylaxis  or  by  more  sensitive  methods,  as  shown  conclu- 
tsively  by  the  careful  work  of  Strain  (6).  As  the  chief  known  difference 
between  gelatin  and  the  proteins  that  do  exhibit  antigenic  properties 
lies  in  an  almost  complete  absence  of  trjrptophane  and  tyrosine  and  a 
very  low  phenylalanine  content,  it  would  seem  probable  that  it  is  this 
deficiency  in  aromatic  amino  acids  that  is  responsible  for  the  lack  of 
antigenic  capacity.  Furthermore,  there  do  exist  proteins  which  lack 
one  or  more  amino  acids  which  are  commonly  present  in  typical  pro- 
teins, y^t  which  are  strongly  antigenic  (e.g.,  zein  from  com,  which 
lacks  glycine  and  tryptophane;  gliadin  of  wheat  and  rye,  or  hordein  of 
barley,  which  contain  no  glycine  or  lysine  and  very  little  arginine  or 
histidine)  (7).  The  fact  that  these  three  last  proteins,  which  are  so 
extremely  poor  in  diamino  acids,  are  potent,  while  the  protamines 
which  consist  chiefly  of  diamino  acids,  are  inert,  suggests  that  these 
three  diamino  acids  are  not  of  importance  in  the  anaphylactic  activity 
of  proteins,  but  since  no  protein  is  known  which  does  not  contain  either 
histidine  or  arginine,  we  cannot  prove  this  point  as  it  seems  to  be 
proved  for  lysine. 

Solubility  of  the  protein  is  essential,  since  although  insoluble  pro- 
teins may  eventually  be  brought  into  solution  in  the  animal  body,  the 
process  is  too  slow  to  bring  about  reactions,  and  also  it  is  probably 
accompanied  by  disintegration  of  the  protein  molecule.  Heat,  of 
degrees  that  do  not  disintegrate  the  proteins,  affects  them  only  to  the 
extent  that  it  makes  them  insoluble.  There  are,  however,  only  a  few 
known  protein^  that  are  not  made  insoluble  by  heat,  and  these,  except 
gelatin,  are  antigenic  despite  boiling,  these  being  casein  (8),  ovomucoid 
(9),  the  so-called  proteoses  of  plant  seeds  (10),  beta-nucleoproteins  (4) 
;and  perhaps  the  capsular  substance  of  pneumococci  (11).  Compound 
proteins  will  produce  anaphylaxis  if  they  are  soluble  and  if  the  protein 
tconstituents  are  themselves  antigenic,  but  apparently  not  when  the 
-protein  radical  is  a  non-antigenic  histon  or  protamin.  Thus,  alpha- 
nucleoproteins  (4)  and  hemoglobin  (5)  are  non-antigenic,  while  mucins 
(12),  beta-nucleoproteins  (4)  and  hemocyanin  (13)  are  antigenic. 

A  suggestive  observation  on  the  requirements  necessary  for  ana- 
phylactogenic  activity  is  furnished  by  Ten  Broeck's  observations  (14) 
with  the  racemized  proteins  of  Dakin.  These  proteins,  presmnably 
because  of  changes  in  structural  configuration,  are  not  attacked  by  the 
ordinary  proteolytic  enzymes,  and  likewise  they  do  not  exhibit  ana- 
phylactogenic  properties.    Landsteiner's  (15)  studies  on  the  precipitin 
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reaction  with  azotized  proteins  have  led  him  to  the  conclusion  that 
the  significance  of  the  proteins  for  the  usual  immunity  reactions, 
except  for  their  immunizing  capacity,  does  not  depend  so  much  upon 
their  particular  chemical  structiu^  as  on  their  molectdar  size  and  the 
properties  depending  thereon.  Such  large  molecular  complexes  may 
be  able  to  react  with  antibodies  even  when  incapable  of  engendering 
their  formation. 

The  question  whether  anything  less  than  an  entire  protein  molecule 
can  act  as  an  anaphylactogen  has  been  the  subject  of  much  investiga- 
tion. Although  I  have  always  obtained  negative  results  with  nimier- 
ous  products  of  protein  cleavage,  nevertheless  Fink  (16),  making  in  my 
laboratory  an  extensive  study  of  proteose  fractions  obtained  from 
coagulated  egg  white  by  hydroljrsjs  with  steam  imder  pressure,  did  find 
evidence  of  a  very  slight  anaphylactogenic  property  in  those  fragments 
that  were  precipitated  at  f  and  complete  saturation  with  ammonium 
sulphate,  but  not  with  fractions  precipitated  at  i,  i,  i  and  f  satura- 
tion. However,  these  reactions  consisted  only  of  slight  symptoms 
even  after  intracardiac  injections  of  25  to  50  mgm.  of  proteose,  and 
were  of  significance  chiefly  because  similar  symptoms  were  not  pro- 
duced by  tUe  other  fractions  and  because  positive  precipitin  and  com- 
plement fixation  reactions  were  obtained  with  these  same  two  fractions 
only.  This  result  is  particularly  surprising  since  it  would  be  expected 
that  the  fractions  precipitated  by  smaller  concentrations  of  ammonium 
sulphate  would  represent  larger  molectdes  more  closely  resembling  the 
intact  protein  molecule. 

Knk  gives  an  elaborate  critical  review  of  the  published  .work  on 
antigenic  properties  of  the  cleavage  products  of  proteins,  which  indi- 
cates mainly  that  much  of  it  is  worthless,  and  that  there  is  no  con- 
clusive evidence  of  anaphylactic  or  other  immimological  reactions 
having  been  produced  with  proteoses  and  peptones,  beyond  the  very 
slight  positive  evidence  that  he  has  secured  with  his  own  carefully  pre- 
pared materials.  The  obvious  source  of  error  in  much  of  this  work  lies 
in  the  fact  that  "proteose"  and  "peptone"  preparations  generally  are 
themselves  active  stimulators  of  smooth  muscle  and  perhaps  capillary 
poisons  (Dale),  in  animals  that  are  not  sensitized,  and  hence  observed 
symptoms  can  differ  in  sensitized  and  nonsensitized  animals  only 
quantitatively.  They  readily  produce  anaphylactoid  manifestations 
on  intravenous  injection.  Corroborating  this  interpretation  of  the 
supposed  positive  anaphylaxis  reactions  with  proteoses  is  the  fact  that 
nearly  all  attempts  to  produce  precipitins  or  complement-binding  anti- 
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bodies  with  the  same  protein  cleavage  products  have  given  negative 
results. 

It  is  appalling  to  observe  the  amount  of  uncriticcd  work  done  with 
unpurified,  unanalyzed  commercial  "peptones/'  usually  Witte's  prod- 
ucts. Such  work  can  produce  absolutely  no  usable  evidence  con- 
cerning most  of  the  problems  under  investigation,  since  the  source  and 
composition  of  the  material  is  entirely  unknown  to  the  investigator, 
and  it  has  been  repeatedly  shown  that  Witte's  peptone  is  a  mixture  of 
widely  varying  composition  in  different  samples. 

If  no  positive  results  can  be  obtained  with  most  of  the  fractions  of 
protein  cleavage,  including  digestion  mixtures  of  varying  sources,  but 
containing  usually  all  the  cleavage  products  from  proteoses  through 
peptones  and  polypeptids  to  amino  ^cids,  it  is  not  easy  to  accept  the 
statement  that  anaphylaxis  can  be  produced  by  synthetic  polypeptids, 
even  one  containing  14  molecules  of  leucine  and  glycine  (Abderhalden, 
17),  still  less  the  positive  results  of  Zunz  (18)  with  much  simpler  poly- 
peptids (3-5  glycylglycine).  These  reactions  were  obtained  after 
intravenous  injections  of  the  peptids  into  sensitized  rabbits,  and  con- 
sisted of  fall  of  blood  pressure,  increased  rate  of  respiration  and  expul- 
sion of  feces  and  urine,  but  these  reactions,  slight  as  they  are,  were  by 
no  means  constant,  and  occurred  under  very  particular  conditions,  e.g., 
positive  results  with  animals  sensitized  with  six  intraperitoneal  injec- 
tions at  weekly  intervals,  but  not  in  animals  that  received  six  sub- 
cutaneous injections  at  similar  intervals.  No  other  species  of  animals 
seems  to  have  been  tried,  and  it  seems  most  improbable  that  the 
reactions  observed  would  fulfil  the  requirements  for  proof  laid  down  in 
the  opening  section  of  this  review.  Certainly,  in  view  of  the  possible 
sources  of  such  reactions  independent  of  true  anaphylactic  shock,  and 
the  large  nimiber  of  negative  results  with  peptones  and  digestion  mix- 
tures, the  acceptance  of  the  results  yet  obtained  with  synthetic  poly- 
peptids as  proof  of  their  antigenic  activity  will  require  much  more 
convincing  evidence  than  any  that  has  yet  been  produced. 

There  still  remains  no  satisfactory  proof  that  anything  except  pro- 
teins can  act  as  anaphylactogens.  Even  some  definite  antigens,  whose 
protein  nature  is  doubtful,  are  not  anaphylactogens  in  the  strict  sense, 
namely,  true  soluble  toxins  and  tuberculin,  despite  the  fact  that  they 
do  produce  a  certain  type  of  hypersensitiveness  (see  Coca,  1).  While 
many  attempts  have  been  made  to  establish  the  antigenic  activity  of 
lipoids  by  means  of  the  precipitin  and  complement  fixation  reactions, 
the  lack  of  solubility  of  the  lipoids  has  made  them  unsuitable  for  ana- 
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phylaxis  studies.  Although  a  few  studies  with  such  material  have 
been  reported  to  give  positive  results,  it  is  probable  that  these  are  all 
erroneous  (see  White,  19).  Certainly  as  yet  the  antigenic  capacity  of 
lipoids  has  not  been  established. 

On  the  other  hand  drugs  and  chemicals  of  many  sorts  have  produced 
both  local  and  systemic  reactions  that  have  been  interpreted  as  ana- 
phylaxis. Especially  is  this  true  of  mercurials,  salvarsan  and  other 
arsenicals,  iodin  and  bromine  and  compounds  thereof;  also  innumerable 
alkaloids  (e.g.,  quinine,  atropin)  synthetic  organic  compounds  (sali- 
cylates, antipyrine)  and  various  vegetable  oils,  resins,  etc.  The 
evidence  concerning  the  reactions  produced  by  these  substances  has 
been  thoroughly  reviewed  by  Coca,  who  concludes  that  their  anaphy- 
lactic nature  has  not  been  established.  Wolfif-Eisner  has  advanced 
the  hypothesis  that  drug  reactions  may  be  produced  by  the  blood  or 
tissue  proteins  altered  by  the  chemical  so  that  they  are  as  foreign  pro- 
teins to  the  injected  animal.  As  yet  this  hypothesis  is  unproved, 
although  it  is  worth  more  extended  and  careful  investigation  than  it 
has  yet  received.  It  is  probable  that  many  of  the  systemic  reactions 
observed  after  intravenous  injections  of  arsenicals  and  other  sub- 
stances are  not  anaphylactic  but  anaphylactoid,  and  dependent  upon 
capillary  thrombosis,  agglutination  emboli,  or  capillary  toxicity,  after 
the  order  of  the  results  obtained  by  Karsner  and  Hanzlik.  The  failure 
to  produce  passive  anaphylaxis  with  the  serum  of  persons  hypersensi- 
tive to  drugs,  the  failure  to  secure  convincing  active  sensitization  in 
guinea  pigs,  the  number  of  instances  in  which  drug  hypersensitiveness 
is  exhibited  on  the  first  injection  and  those  in  which  heredity  is  evi- 
dently responsible,  and  the  numerous  points  of  difference  from  true 
anaphylactic  reactions,  al)  make  the  identity  of  drug  hypersensitivity 
with  true  antigen-antibody  anaphylaxis,  a  matter  of  great  improbabiliy. 

THE  NATURE  OF  THE  IMMUNE-BODY 

Anaphyladiny  sensibilizing  sensitizin 

The  demonstration  that  anaphylactic  seasitization  can  be  trans- 
ferred to  a  normal  animal  by  injection  of  blood  or  serum  from  a  sensi- 
tized animal,  has  been  generally  accepted  as  establishing  anaphylaxis 
as  a  typical  antigen-antibody  reaction.  Doerr  and  Russ  added  impor- 
tant support  to  this  view  by  showing  that  the  potency  of  a  senim  in 
conferring  passive  sensitization  varies  in  direct  proportion  to  its  content 
in  precipitins.    Zinsser  states  that  "The  principle  that  anaphylaxis 
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depended  directly  on  the  meeting  of  the  antigen  with  its  specific  anti- 
body has  never  been  seriously  questioned  since  that  time."  Three 
main  questions  have  remained  imsolved,  however,  namely:  a,  Is  the 
sensitizing  antibody  the  same  as  the  precipitin  or  the  complement- 
fixing  antibody?  6,  Where  does  the  reaction  of  antigen  and  antibody 
take  place?  c,  How  does  this  reaction  produce  the  manifestations  of 
anaphylactic  shock? 

THE  RELATION  OP  PRECIPITIN  TO   THE  SENSITIZING  ANTIBODY 

An  attractive  hypothesis  is  that  there  are  two  fimdamental  types  of 
immunity  reactions.  One,  having  to  do  with  substances  which  are 
essentially  active  poisons,  neutralizes  or  inhibits  their  toxicity  by  direct 
chemical  action  (see  Zinsser,  1).  In  this  group  come  the  antitoxins 
and  the  antibodies  for  enzymes,  venoms,  poisonous  vegetable  proteins 
(ricin,  abrin,  etc.)  and  various  bacterial  hematotoxin^.  It  is  to  be 
noted  that  these  active  substances  are  all  similar  to  one  another  in 
being  classed  as  large  colloidal  aggregates,  resembling  proteins,  but  not 
yet  identified  as  proteins.  The  other  group  of  immunity  reactions  is 
concerned  with  defense  against  foreign  proteins,  whether  toxic  or  non- 
toxic and  whether  in  solution  or  a^egkted  into  cells  (bacteria,  cor- 
puscles, tissue  cells).  In  all  the  reactions  of  this  group  we  deal  with 
processes  that  tend  to  alter  the  colloidal  state  of  the  foreign  proteins, 
by  making  them  larger  aggregates  (precipitation,  agglutination)  or 
smaller  aggregates  (proteolysis,  hemolysis,  bacteriolysis,  cytolysis), 
and  in  each  case  the  reaction  consists  of  two  separable  steps,  sensitiza- 
tion and  reaction.  It  is  tempting  to  accept  the  view,  championed 
especially  by  Friedberger,  that  in  this  second  group  of  reactions  but 
one  and  the  same  antibody  is  concerned,  and  that  all  the  reactions  are 
essentially  the  same,  differing  merely  in  the  method  by  which  the 
reaction  is  demonstrated.  There  are,  indeed,  many  facts  capable  of 
interpretation  as  supporting  this  hypothesis,  but  there  are  still  other 
items  that  do  not  harmonize  with  it,  notably  the  lack  of  constant 
quantitative  relations  between  the  different  reactions  produced  by  the 
same  immune  serum,  and  as  yet  it  is  neither  established  nor  completely 
disproved. 

Anaphylaxis  obviously  comes  into  the  second  class  of  "proteolytic" 
immune  reactions,  and  the  identity  of  the  sensitizing  antibody  and  the 
precipitin  has  been  strongly  supported.  Several  observers  have  foimd 
that  the  relative  proportion  of  precipitin  and  sensitizing  antibody 
runs  parallel  in  immune  sera  (Friedberger,  Doerr  and  Russ)  and  I  have 
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m3r8elf  observed,  in  studying  the  development  of  antibodies  in  animals 
immunized  to  vegetable  proteins,  that  the  precipitins  appear  together 
with  the  capacity  to  confer  passive  sensitization  (20).  Richard  Weil 
(21)  added  much  support  to  this  contention  by  finding  that  the  pre- 
cipitate obtained  when  inamime  serum  reacted  with  the  specific  protein, 
and  washed  free  from  the  serum,  conferred  passive  sensitization  to  the 
specific  antigen  when  injected  into  guinea  pigs,  if  the  proportion  of 
antiserum  and  antigen  had  been  suitably  selected  in  producing  the 
precipitate.  Mechanical  canying  down  of  serum  antibodies  was 
excluded  by  appropriate  experiments.  Although  it  was  found  that  if 
immune  serum  is  heated  at  70**  for  one-half  hour  it  loses  its  precipitat- 
ing power  but  not  its  capacity  for  passive  sensitization,  Weil  did  not 
consider  this  as  evidence  of  a  separation  of  precipitin  and  sensitizin,  but 
interpreted  it  as  indicating  that  only  the  thermostable  combining 
(haptophore)  group  of  the  antibody  is  essential  to  passive  sensitization. 
"The  fact  that  the  coexistence  of  antigen  in  the  same  fluid  may  inhibit 
the  precipitating  power  of  antibody,  while  only  partially  interfering 
with  the  sensitizing  function,  may  explain  the  divergence  in  the  litera- 
ture between  those  who  maintain  that  precipitin  and  sensitizin  run 
parallel  in  immune  serum  and  those  who  deny  this  relationship."  The 
precipitates  produced  in  the  precipitin  reaction  contain  both  antigen 
and  antibody,  since  they  sensitize  both  actively  and  passively,  and 
Weil  believed  that  both  antigen  and  precipitin  can  be  separately 
extracted  from  such  precipitates  by  suitable  procedures.  Although 
Coca  (22)  was  imable  to  repeat  Weil's  experiment  with  washed  pre- 
cipitin-antigen  precipitate,  yet  he  did  secure  further  evidence  that 
precipitin  and  sensitizing  antibody  are  identical. 

Granting  the  identity  of  precipitin  and  sensitizing  antibody,  one 
must  consider  the  relation  of  both  to  the  complement  fixing  antibody, 
which  numerous  observers  have  maintained  is  identical  with  the  pre- 
cipitin (23).  The  assumption  of  identity  of  the  sensitizin  and  the 
complement  fixation  antibody  is  the  basis  of  Friedberger's  classical 
experiments  on  the  production  of  a  poison,  supposed  by  him  to  be 
responsible  for  anaphylaxis,  by  digestion  of  sensitized  proteins  with 
complement.    This  topic  will  receive  consideration  later. 

THI>  SITE  OP  THE  REACTION 

The  earlier  view  that  anaphylaxis  resulted  from  reaction  of  antigen 
and  antibody  in  the  circulating  blood  was  shaken  by  the  observation 
that  in  passive  sensitization  of  guinea  pigs  there  is  a  latent  period  of  at 
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least  four  hours  before  the  animal  becomes  sensitive,  and  that  simul- 
taneous injection  of  antigen  and  antiserum  produce  no  effects.  This 
fact  is  difficult  to  explain  if  antigen  and  antibody  react  in  the  circulat- 
ing blood,  but  fits  in  well  with  the  hypothesis  that  the  latent  period  is 
required  for  the  antibody  to  enter  the  cells  and  render  them  sensitive. 
The  humoral  reaction  hypothesis  was  rendered  untenable  as  a  complete 
statement  by  the  observation  of  Schultz  that  isolated  segments  of 
intestine  from  sensitized  animals  reacted  to  the  specific  antigen  by 
contraction,  and  by  the  development  and  refinement  of  this  prin- 
ciple especially  by  Dale  and  Weil.  It  has  now  been  established  that 
isolated  non-striated  muscle  tissue,  washed  as  free  as  possible  from 
blood,  will  give  strong  contractions  immediately  it  is  brought  into  con- 
tact with  even  very  dilute  solutions  of  the  specific  antigen,  and  only 
with  the  specific  antigen.  The  possibihty  that  even  the  most  careful 
washing  out  by  perfusion  methods  may  leave  blood  in  some  of  the 
capillaries,  especially  emphasized  by  Larson  and  Bell  (24),  seems  to  be 
eliminated  as  an  explanation  of  the  positive  results,  both  by  qtiantita- 
tive  considerations  and  by  the  observation  of  Weil  (25)  that  Uterine 
muscle  of  a  passively  sensitized  guinea  pig  does  not  react  to  the  antigen 
during  the  latent  period  (even  if  not  perfused  and  full  of  blood)  although 
at  this  time  the  blood  in  the  uterus  contains  an  abimdance  of  anti- 
bodies. On  the  other  hand  a  very  much  smaller  dose  of  antiserum, 
even  when  followed  by  careful  perfusion  twenty-four  hours  later,  has 
then  rendered  the  uterine  muscle  highly  reactive  to  the  specific  antigen. 
Besredka  (1),  who  was  one  of  the  earliest  supporters  of  the  "cellular 
theory"  of  anaphylaxis,  believed  that  the  reaction  occurred  in  the  cells 
of  the  central  nervous  system,  but  this  localization  is  excluded  by  many 
experiments  which  show  that  anaphylactic  reactions  occur  in  tissues 
entirely  disconnected  from  the  central  nervous  system,  as  well  as  by 
the  muscle  strip  experiments  mentioned  previously.  Another  form  of 
evidence  of  the  non-humoral  nature  of  anaphylaxis  is  furnished  by 
transfusion  experiments  (Manwaring,  Pearce  and  Eisenbrey,  Weil 
and  others)  which  show  that  the  blood  of  a  sensitized  animal  can  be 
replaced  with  the  blood  from  a  non-sensitized  animal  without  impairing 
its  sensitivity.  This  form  of  experiment  is  particularly  convincing 
when  passive  sensitization  is  employed  with  serum  of  known  sensitiz- 
ing power,  since  then  it  is  possible  to  know  surely  that  the  transfused 
animal  cannot  have  a  sensitizing  dose  of  antibodies  left  in  its  circulat- 
ing blood  (Coca,  26,  von  Fenyvessy  and  Freimd,  27).  Furthermore, 
Doerr  and  Pick  have  observed  that  even  after  all  demonstrable  anti- 
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bodies  have  disappeared  from  the  circulating  blood  in  the  rabbit,  fatal 
anaphylactic  shock  may  be  produced. 

Not  only  do  we  have  all  this  evidence  of  the  cellular  site  of  the  ana- 
phylactic reaction,  but  in  addition  there  is  abundant  evidence  that  the 
presence  of  free  antibodies  in  the  blood  interferes  with  the  anaphylactic 
reaction  (Weil,  28)  presumably  by  binding  the  antigen  before  it  can 
reach  the  ''sessile"  receptors  within  the  cells.  This  is  the  explanation 
of  the  fact  that  repeated  injection  of  guinea  pigs  with  the  antigen 
renders  them  inmiune  rather  than  hypersensitive,  and  that  a  single 
large  dose  of  antigen  sensitizes  less  successfully  than  a  small  dose  of  the 
same  antigen. 

It  may  safely  be  said  that  at  least  the  essential  features  of  acute 
anaphylactic  shock  depend  upon  intracellular  reaction  between  antigen 
and  antibodies  that  have  been  withdrawn  from  the  circulating  blood 
and  fixed  within  the  cells.  Whether  the  reaction  which  presumably 
occurs  between  antigen  and  the  free  antibodies  in  the  circulating  blood 
also  plays  any  part  whatever  in  anaphylaxis,  is  still  undetermined. 
Zinsser  (1)  believes  that  the  "radical  cellular  interpretation  of  all 
phases  of  the  phenomena  of  anaphylaxis  goes  too  far.''  Several  observ- 
ers have  reported  that  when  suitable  quantities  of  antigen  and  antibody 
are  used,  it  is  sometimes  possible  to  secure  passive  sensitization  without 
the  usual  period  of  incubation;  indeed  certain  workers  have  stated 
that  simultaneous  injection  of  antigen  and  antiserum  may  give  rise  to 
inmiediate  anaphylactic  reaction,  especially  in  rabbits.  The  chief 
objection  to  these  experiments  is  that  the  supposed  positive  results 
are  obtained  only  occasionally,  are  usually  very  slight  in  character  and 
without  the  necessary  regularity  to  be  convincing  evidence  of  a  funda- 
mental principle,  and  Weil  doubted  the  true  anaphylactic  character  of 
such  reactions  as  have  been  observed.  Friedemann  obtained  the  best 
results  with  simultaneous  intravenous  injections  of  antigen  and  anti- 
serum in  the  proportions  which  were  found  to  give  the  best  precipitin 
reactions  in  vitro,  which  suggests  the  possibility  that  the  symptoms 
observed  in  the  injected  rabbits  were  not  those  of  true  anaphylaxis, 
but  anaphylactoid  phenomena  produced  by  capillary  occlusion  from 
the  precipitate,  or  possibly  from  agglutination  of  red  cells  or  fibrin 
formation  incited  by  the  precipitate,  for  it  has  been  shown  by  Doerr 
that  intravenous  injection  of  antigen-antibody  precipitates  produces 
severe  symptoms. 

On  the  other  hand,  there  is  no  doubt  that  antigen-antibody  reactions 
do  produce,  at  least  in  vitro,  substances  that  are  eminently  injurious. 
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especially  on  intravascular  injection,  and  it  seems  reasonable  indeed 
to  believe  that  such  substances  may  be  produced  in  the  typical  ana- 
phylaxis reaction  and  play  some  part  in  it,  even  if  we  grant  that  the 
typical  acute  anaphylactic  shock  depends  on  reaction  within  certain 
tissue  cells.  For  example,  Manwaring  and  Kusama  (29)  found  that 
although  isolated  lungs  from  sensitized  guinea  pigs  exhibited  strong 
bronchial  constriction  when  perfused  with  the  specific  antigen,  they 
gave  still  stronger  reactions  when  the  blood  of  the  sensitized  animal 
was  present  in  the  perfusion  fluid.  Some  authors  have  advanced  the 
hypothesis  that  the  more  chronic  manifestations  of  anaphylaxis  (such 
as  fall  of  temperature  in  guinea  pigs,  the  splanchnic  engorgement  and 
hemorrhagic  enteritis  in  dogs)  depend  on  himioral  antigen-antibody 
reaction.  Weil's  demonstration  (25)  that  during  the  latent  period 
immediately  following  injection  of  immune  serum,  despite  the  presence 
of  abundant  antibodies  in  the  blood,  no  anaphylaxis  reaction  can  be 
obtained,  either  acute  or  chronic,  makes  diflScult  of  acceptance  the 
hypothesis  that  humoral  reactions  play  any  important  part  in  anaphy- 
laxis. 

"anaphylatoxin"  formation  and  its  relation  to  anaphylaxis 

For  a  time  in  the  history  of  the  study  of  the  anaphylaxis  reaction 
the  cause  of  the  intoxication  clearly  seemed  to  lie  in  the  products  of 
cleavage  of  foreign  proteins  into  toxic  elements  by  the  enzymes  of  the 
blood  or  the  tissues.  This  "anaphylatoxin**  hypothesis  fitted  most  of 
the  known  facts  so  well,  and  was  so  perfectly  logical,  that  it  seemed 
almost  inevitable,  yet  at  the  present  time  it  appears  to  be  untenable, 
in  the  face  of  existing  evidence,  as  the  final  explanation  of  anaphylaxis. 
It  rested  fundamentally  upon  three  sets  of  observations.  First,  the 
demonstration  by  Vaughan  that  from  almost  any  protein  a  highly 
poisonous  substance  can  be  produced  by  cleavage  under  suitable  con- 
dition^,  and  that  this  substance  produces  effects  in  animals  much 
resembling  the  phenomena  of  anaphylactic  shock  or  subacute  ana- 
phylactic intoxication.  Second,  the  similarity  of  the  effects  produced 
by  intravenous  injection  of  Witte's  "peptone"  and  other  products  of 
protein  cleavage,  to  those  of  anaphylaxis.  Third,  the  demonstration 
by  Friedemann  and  Friedberger  of  the  highly  poisonous  character  of 
the  products  of  reaction  in  vitro  of  antigen,  antibody  and  complement. 
Taken  together  these  observations  seemed  to  indicate  plainly  enough 
that  anaphylaxis  was  a  typical  case  of  poisoning  by  products  of  specific 
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proteolyBis  of  antigens  by  serum  complement  after  sensitization  of  the  j 
antigen  by  the  specific  antibody.    Friedberger  especially  developed 
this  hypothesis,  although  others  had  preceded  him  in  producing  intoxi- 
cation of  animals  by  injecting  the  products  of  antigen-antibody-com- 
plement reaction. 

Friedberger  showed  that  such  toxic  products  were  formed  when 
precipitates,  resulting  from  the  reaction  of  antigen  and  specific  pre- 
cipitin (or  bacteria  or  other  cells  that  had  been  sensitized  with  the 
specific  cytolytic  amboceptor),  were  digested  for  a  suitable  period 
with  serum  complement.  Also  that  the  toxic  product  produced, symp- 
toms resembling  those  of  anaphylaxis  when  injected  intravenously 
into  animals,  and  that  these  symptoms  were  the  same  irrespective  of 
the  nature  of  the  antigen  used,  which  is  one  of  the  characteristic  fea- 
tures of  anaphylaxis  as  well  as  of  Vaughan's  products  of  protein  cleav- 
age. Furthermore,  too  long  digestion,  or  excessive  sensitization,  failed 
to  produce  the  "anaphylatoxin,"  which  supported  the  view  that  the 
poison  represented  an  early  stage  in  protein  cleavage,  which  was 
.destroyed  by  further  digestion. 

It  was  soon  found,  however,  that  this  so-called  anaphylatoxin  forma- 
tion was  not  a  specific  result  of  antigen-amboceptor-complement  reac- 
tion, as  identical  toxic  effects  are  produced  with  normal  serum  that 
has  been  digested  with  complement  in  the  presence  of  absolutely  inert 
materials,  such  as  kaolin,  barium  sulphate  and  agar.  Jobling.and 
Peterson  found  that  merely  extracting  the  lipoids  from  normal  Berum 
and  then  letting  it  digest  itself  resulted  in  the  same  type  of  toxicity, 
.and  they  agree  with  Bronfenbrenner  (30)  in  attributing  all  the  positive 
results  in  this  type  of  experiment  to  a  removal  or  inhibition  of  anti- 
enzymes  present  in  normal  serum,  so  that  proteolysis  then  sets  in. 
Even  the  clotting  of  blood  or  plasma  may  produce  changes  which 
render  it  highly  toxic,  even  for  the  animal  from  which  it  came,  with 
the  same  anaphylaxis-like  manifestations  that  are  produced  by  the 
toxic  sera  in  the  typical  anaphylatoxin  experiment. 

Despite  the  undeniable  fact  that  blood  serum  may  be  made  highly 
toxic  when  digested  with  complement  under  various  conditions,  and 
that  the  symptoms  which  follow  intravascular  injection  of  such  toxic 
sera  resemble  those  of  anaphylactic  shock  in  many  particulars,  never- 
theless the  responsibility  of  such  a  production  of  toxic  products  of 
protein  cleavage  for  the  explanation  of  anaphylactic  shock  fails  of 
proof.  Some  of  the  points  that  have  been  advanced  against  this  so- 
called  humoral  anaphylatoxin  theory  are  the  following: 
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1.  It  does  not  fit  with  the  latent  period  of  passive  sensitization. 
However,  intracellular  formation  of  anaphylatoxin  might  account  for 
this  phenomenon. 

2.  Complement  is  not  essential,  since  animals  deprived  of  free  com- 
plement in  the  circulating  blood  may  still  give  anaphylactic  reactions. 
Here  again,  one  may  suggest  the  presence  of  intracellular  or  reserve 
complement. 

3.  All  attempts  to  prove  that  complement  is  a  proteolytic  ferment 
have  so  far  failed. 

4.  "Anaphylatoxin"  activity  has  been  produced  in  serum  by  diges- 
tion in  the  absence  of  ccmiplement,  in  the  absence  of  antigen,  and  in 
the  absence  of  antibody.  On  the  other  hand,  if  antigen  and  the  spe- 
cific antibody  are  injected  simultaneously  into  the  opposite  jugular 
veins  of  a  guinea  pig,  the  animal  shows  no  evidence  of  intoxication. 

5.  In  the  anaphylatoxin  experiments  the  existence  of  capillary  embol- 
ism or  endothelial  intoxication  has  not  been  excluded,  and  there  is 
reason  to  believe  that  most  of  the  observed  symptoms  are  anaphy- 
lactoid rather  than  anaphylactic. 

6.  All  attempts  to  demonstrate  that  the  blood  of  animals  in  anaphy- 
lactic shock  contaiiis  a  poison  responsible  for  the  observed  manifesta- 
tion, have  failed  (see  Weil,  31). 

The  theory  of  the  dependence  of  anaphylactic  intoxication  upon  the 
formation  of  non-specific  poisons  from  proteins  by  some  sort  of  fer- 
ment reaction,  received  its  most  severe  blow  in  the  clear-cut  experi- 
ments of  Dale  (32)  with  the  guinea  pig  uterus.  If  we  grant,  as  it  seems 
we  must,  that  stimulation  of  nonstriated  muscle  is  an  essential,  and 
probably  the  essential  feature  of  acute  anaphylactic  shock,  the  Schultz- 
Dale  method  portrays  the  reaction  without  the  possible  invalidating 
effects  of  capillary  thrombosis  or  agglutination  emboli  The  fact  that, 
as  Dale  points  out,  the  specific  antigen,  when  introduced  into  a  bath 
containing  the  muscle  strip,  produces  a  reaction  immediatdy  it  comes  in 
contact  witfi  the  muscle,  and  quite  as  proqaptly  as  a  preformed,  diffusible 
stimulant,  such  as  histamine;  pilocarpine  or  pituitary  extract,  is 
difficult  to  reconcile  with  the  theory  that  the  stimulating  agent  is 
liberated  through  proteolysis.    Moreover,  says  Dale, 

Apart  from  the  absence  of  a  coarse  latent  period,  the  rest  of  the  time  relations 
of  the  effect  are  very  difficult  to  harmonise  with  any  form  of  ferment  theory.  On 
such  a  theory,  one  would  expect  a  gradual  onset  and  slow  rise  to  a  maximum. 
But  the  onset  is  sudden,  and  the  rate  of  progress  to  the  maximum,  when  sensi- 
tiveness is  fully  developed  and  the  dosage  not  too  minute,  is  apparently  limited 
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only  by  the  contraction  rate  of  the  plain  muscle.  After  a  few  minutes  at  the  maxi- 
mum the  effect  begins  to  decline,  and  the  muscle  is  then  insensitive  to  further 
doses.  In  the  form  of  the  contraction  curve,  as  in  the  brief  latency,  the  effect 
recalls  that  of  a  powerful  stimulant  drug  added  directly  to  the  bath. 

These  observations  seem  to  exclude  not  only  the  humoral  site  of 
anaphylaxis  reaction,  but  also  to  rule  out  the  possibility  of  even  an 
intracellular  digestion  of  a  sensitized  antigen  by  a  ferment,  whether 
serum  complement  or  intracellular  proteol3rtic  enzymes. 

But  we  cannot  escape  the  fact  that  the  manifestations  of  anaphy- 
lactic shock  resemble  in  all  respects  those  of  an  acute  intoxication; 
furthermore,  that  histamine,  the  substance  which  produces  the  picture 
most  closely  resembling  that  of  typical  anaphylaxis,  is  a  product  of 
protein  cleavage  (see  Abel  and  Kubota,  33;  Dale,  34;  Hanke  and 
Koessler,  96).  Not  only  does  histamine  cause  bronchial  spasm  in 
guinea  pigs,  obstruction  to  pulmonary  circulation  in  rabbits  and  fall 
of  blood  pressiu^  in  dogs,  but  applied  to  the  skin  or  mucous  mem- 
branes, it  causes  marked  local  urticaria  resembling  closely  that  of  skin 
reactions  in  sensitized  persons,  and  it  does  all  these  things  in  extremely 
minute  dosage,  comparable  with  the  dosage  of  proteins  used  in  ana- 
phylactic reactions.  Furthermore,  its  antecedent  amino  acid,  histidine, 
is  present  in  every  known  complete  protein.  Other  pure  chemical 
products  of  protein  cleavage,  such  as  methyl  guanidine,  have  more  or 
less  similar  effects.  The  chief  respects  in  which  histamine  fails  to 
account  for  all  the  phenomena  of  anaphylaxis  are: 

1.  It  fails  to  desensitize  sensitized  animals  or  tissues  yet  produces 
strong  reactions  in  the  uterus  strip  that  has  been  thoroughly  desen- 
sitized (Dale,  32). 

2.  Histamine  does  not  produce  the  temperature  reactions  usual  in 
anaphylaxis. 

3.  Histamine  does  not  produce  the  changes  in  coagiilability  of  the 
blood  usual  in  anaphylaxis. 

4.  Quinine  augments  the  susceptibility  of  sensitized  anin^ials  to  the 
foreign  protein  but  does  not  affect  the  intoxication  produced  by  his- 
tamine (M.  I.  Smith,  35). 

Nevertheless,  histamine  seems  to  have  a  synergetic  relation  to 
am^hylactic  shock,  probably  because  the  points  of  attack  of  histamine 
and  anaphylactic  reactions  are  identical  (35).  In  respect  to  item  one 
of  the  above  list,  we  would  not  expect  histamine  to  desensitize  if  it  is 
the  active  product  of  an  antigen-antibody  reaction,  since  it  is  this 
reaction  alone  that  is  prevented  by  desensitization.    As  to  items  three 
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and  four,  it  may  well  be  that  these  phenomena  result  from  other 
products  of  the  antigen-antibody  reaction,  since  presumably  many 
different  substances  are  produced.  The  effect  of  quinine  (item  four) 
might  be  found  to  be  an  influence  on  the  antigen-antibody  reaction  if 
this  possibiUty  were  investigated. 

Moreover,  in  the  so-called  Abderhalden  reaction  we  have  evidence 
that  protein  cleavage  does  occur  in  mixtures  of  inmiune  serum  and 
specific  protein,  and  that  in  this  process  highly  active  toxic  substances 
are  produced  (Bronfenbrenner,  30).  For  whatever  may  be  said  con- 
cerning the  specificity  of  this  reaction,  there  undoubtedly  does  com- 
monly occur  a  greater  amount  of  proteolysis  in  such  mixtures  with  the 
specific  antigen  than  if  some  other  protein  is  present.  A  careful  study 
of  the  Abderhalden  reaction  (dialysis  method)  in  my  laboratory  by 
Elsesser  (36),  using  Osbome^s  purified  vegetable  proteins,  showed  that 
in  spite  of  many  atypical,  irregular  and  illogical  results,  "there  is  an 
obvious  tendency  for  a  substrate  to  react  more  often  and  yield  stronger 
reactions  when  tested  against  its  homologous  immune  serum,  than 
when  tested  against  a  heterologous  immune  serum.*' 

Also,  we  cannot  afford  to  overlook  the  important  fact  that  racemized 
proteins,  which  are  characterized  by  being  incapable  of  attack  by 
enzymes  in  vitro,  or  of  being  digested  and  metaboUzed  in  vivo,  are  also 
incapable  of  serving  as  antigens,  although  derived  from  proteins  which 
in  the  original  state  are  highly  antigenic. 

It  being  established  that  inmiune  sera  do  cause  proteolysis  of  spe- 
cific antigens,  or  at  least  produce  diffusible  cleavage  products  when  in 
contact  therewith,  and  since  the  intermediate  products  of  proteolysis 
are  unquestionably  toxic,  how  can  we  discard  entirely  the  possibility 
that  such  substances  do  arise,  and  play  at  least  some  part,  in  ana- 
phylaxis, even  if  we  can  exclude  proteolysis  as  the  responsible  factor  in 
the'inmiediate  contraction  of  non-striated  muscle  both  in  vivo  and  in 
vitro?  Fiuthennore,  since  the  so-called  anaphylatoxins  are  so  readily 
produced,  and  exert  such  a  profound  physiological  effect,  their  impor- 
tance in  human  pathology  must  be  considerable,  even  if  they  are  not 
responsible  for  typical  acute  anaphylactic  shock.  Such  observations 
as  those  of  Quenu  and  Delbet,  Cannon  (37)  and  others,  on  the  relation 
of  disintegration  of  traumatized  muscle  tissue  to  traimiatic  shock, 
come  to  mind  in  this  connection. 

Although  we  are  justified  in  defining  sharply  the  limits  of  what  shall 
be  considered  as  true  anaphylaxis  in  discussing  and  studying  that  topic, 
phenomena  which  we  must  exclude  as  outside  those  limits  are  not 
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therefore  any  less  important.  They  merely  are  other  problems,  and 
presumably  related  problems,  but  how  much  bearing  they  have  on 
specific  anaphylaxis,  if  any,  we  do  not  know.  From  this  open  view- 
point as  a  contribution  to  our  knowledge  of  serum  toxicity,  the  exten- 
sive studies  of  Novy  and  his  collaborators  (38)  are  of  interest.  They 
corroborate  and  extend  the  findings  of  others,  that  the  serum  of  a  guinea 
pig  may  be  made  toxic  for  guinea  pigs  after  incubating  with  agar,  inulin, 
or  small  formed  particles,  such  as  trypanosomes  or  inorganic  precipi- 
tates, so  that  from  1  to  3  cc.  may  be  a  lethal  intravenous  dose.  Rat 
serum,  which  is  toxic  to  guinea  pigs  even  when  untreated  (3  to  4  cc. 
sometimes  being  fatal)  may  have  its  toxicity  enhanced  until  0.25  cc.  is. 
lethal.  Also,  agar  and  other  substances  which  render  serum  poisonous 
in  vitro  are  also  very  toxic  when  injected  intravenously,  as  Uttle  as 
9  mg^.  of  agar  per  kilo  of  guinea  pig  being  fatal.  But  even  unformed 
substances  may  render  serum  toxic,  e.g.,  peptone  solutions,  and  dis- 
tilled water  is  said  to  produce  "anaphylatoxin"  in  rat  serum,  which 
Sachs  (39)  would  explain  by  the  precipitation  of  the  serum  globulins 
by  the  distilled  water,  thus  disrupting  the  colloidal  equilibrium  and 
permitting  the  formation  of  toxic  forms  of  colloids.  But  the  proof 
that  such  phenomena  are  the  same  as  those  underlying  the  specific 
antigen-antibody  reaction  of  anaphylaxis  has  not  been  furnished,  and 
the  term  anaphylatoxin  is  misleading,  especially  as  we  have  as  yet  no 
proof  that  a  toxic  material  is  formed  in  and  responsible  for  true  ana- 
phylaxis reactions.  Moreover,  the  "anaphylatoxins"  thus  formed 
(better  called  "serotoxins'')  seem  to  have  little  effect  on  rabbits, 
although  these  animals  are  far  from  insusceptible  to  anaphylaxis.  Nor 
can  we  reconcile  the  observation  that  the  mere  coagulation  of  blood 
renders  the  serum  highly  toxic,  with  the  known  facts  of  anaphylaxis. 
Unquestionably  the  readiness  with  which  blood  becomes  poisonous  is 
an  important  phenomenon,  and  presumably  it  plays  an  important  part 
in  pathology,  but  that  this  phenomenon  is  responsible  for,  or  even 
related  to,  anaphylaxis,  has  yet  to  be  demonstrated.  Novy  and 
DeKruif  make  this  statement:  "It  will  be  seen  that  the  phenomenon 
of  anaphylatoxin  production,  which  includes  anaphylaxis,  is  not  con- 
nected with  the  problem  of  immunity  except  so  far  as  it  shows  the 
ready  response  of  a  labile  blood  constituent  to  an  aUen  substance." 
But  anaphylaxis  is  a  definite  immunological  phenomenon,  and  if  the 
phrase  "which  includes  anaphylaxis"  is  omitted  from  this  statement 
most  immjnologists  will  agree,  accepting  the  independence  of  so-called 
anaphylatoxin  formation  from  immunological  reactions  in  general  and 
from  anaphylaxis  in  particular. 
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But  if  we  discard  the  anaphylatoxin  theory  of.  anaphylaxis,  we  are 
left  without  an  explanation  of  the  very  striking  phenomena  of  anaphy- 
lactic shock,  for  no  satisfactory  substitute  hypothesis  has  been  pro- 
posed. Dale  (32)  suggests  that  ''A  disturbance  of  the  conditions  of 
colloidal  solution  is  set  up  in  the  muscle  fibre,"  which  is"  not  altogether 
satisfactory,  although  it  may  well  be  true.  Weil  speaks  of  a  "cellular 
discharge"  which  is  even  more  vague.  Danyz  (40)  has  proposed  the 
hypothesis  that  anaphylaxis  is  merely  an  intracellular  or  intravascular 
"indigestion,"  because  of  the  impossibility  of  transforming  colloidal 
antigen  into  crystalloids,  but  this  does  not  fit  at  all  the  known  facts  of 
the  character  of  the  reaction  in  isolated  tissues.  None  the  less,  the 
fact  that  slight  disturbances  in  the  equilibrimn  of  plasma  colloids 
render  them  highly  toxic  is  an  outstanding  fact,  and  it  becomes  easily 
understandable  that  a  similar  alteration  in  colloidal  equilibrium  within 
the  cell  protoplasm  may  produce  equally  profound  intoxication  of  the 
cell,  and  at  present  there  is  a  growing  tendency  to  seek  an  explanation 
of  anaphylaxis  in  the  domain  of  colloidal  chemistry  (see  Zinsser,  1, 
Sachs,  39). 

PATHOLOGICAL   PHYSIOLOGY 

Anaphylactic  reactions  have  been  produced  in  many  species  of 
mammals,  but  only  in  the  guinea  pig,  rabbit  and  dog  has  the  process 
been  thoroughly  studied.  The  striking  fact  soon  developed  that  in 
each  species  the  phenomena  were  different,  and  always  the  same  in 
that  species  without  relation  to  what  antigen  was  being  used.  No 
matter  how  widely  separated  in  biological  origin  or  chemical  character 
the  antigenic  protein  might  be,  the  symptoms  produced  were  always 
the  same,  a  fact  which  gave  support  to  the  hypothesis  that  the  poison 
responsible  was  derived  from  the  proteins  of  the  sensitized  animal 
itself.  Auer  and  Lewis  demonstrated  that  in  the  guinea  pig  the  typical 
respiratory  difliculty  was  caused  by  a  spasm  of  the  bronchial  muscula- 
ture. Anatomical  studies  showed  that  the  guinea  pig  has  an  excep- 
tionally highly  developed  musculature  in  its  bronchi,  the  finer  bron- 
chioles being  practically  nothing  but  muscular  tubes,  possessing  also  a 
thick  folded  mucous  membrane.  More  recent  experiments  have 
shown  that  this  spasm  of  the  bronchioles  is  not  accompanied  by  a  corre- 
sponding spasm  in  the  blood  vessels,  since  perfusion  fluids  pass  through 
the  distended,  anaphylactic  guinea  pig  lung  without  obstruction. 

In  the  rabbit  this  lung  inflation  is  not  observed,  or  at  least  not  to 
any  corresponding  degree,  the  symptoms  being  chiefly  circulatory. 
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There  is  a  fall  in  arterial  blood  pressure,  slowing  of  the  heart  beat, 
with  marked  distention  of  the  right  side  of  the  heart.  Auer  believed 
that  these  changes  resulted  from  a  direct  effect  on  the  muscle  of  the 
right  ventricle,  and  the  isolated  hearts  of  both  rabbits  and  guinea  pigs 
do  give  reactions  in  vitro.  Coca  (41)  found  that  during  anaphylactic 
shock  the  rabbit's  lung  develops  a  greatly  increased  resistance  to  the 
passage  of  perfusion  fluids,  with  embolism  and  thrombosis  excluded, 
apparently  from  a  spasm  of  the  muscular  coat  of  the  arterioles,  which 
explains  the  observed  symptomatology.  Here  again  histological  study 
offers  an  explanation,  since  -the  pulmonary  arteries  of  the  rabbit  pre- 
sent a  remarkable  degree  of  muscular  development,  analogous  to  that 
of  the  guinea  pig  bronchioles. 

The  symptoms  produced  in  the  dog  are  again  quite  different  and 
distinctive.  Here  the  Uver  and  splanchnic  circulation  show  the  most 
marked  effects,  becoming  tremendously  engorged  with  blood,  so  that 
the  systemic  blood  pressure  falls  because  depleted  of  blood.  Weil 
(42)  showed  that  this  was  a  local  reaction,  for  when  he  injected  the 
antigen  into  one  of  the  branches  of  the  portal  vein  supplying  a  single 
liver  lobe,  the  congestion  was  limited  to  this  lobe.  This  hepatic  effect 
has  generally  been  attributed  to  an  action  on  the  liver  cells,  especially 
since  it  is  accompanied  by  alterations  in  the  coagulability  of  the  blood, 
and  other  evidences  of  altered  hepatic  function,  such  as  reduced  capac- 
ity to  form  urea  from  ammonium  lactate  (Rimipf,  43).  A  more  plaus- 
ible and  logical  explanation  has  been  advanced  by  Simonds  (44)  who 
states  that  the  walls  of  the  hepatic  veins  of  the  dog  differ  from  those 
of  all  other  animals  in  the  great  development  of  their  musculature, 
inferring  that  the  hepatic  and  splanchnic  congestion  are  the  result  of 
spasm  of  the  hepatic  veins.  As  yet  the  necessary  tests  to  show  that 
occlusion  of  the  hepatic  veins  does  occur,  and  that  this  of  itself  can 
account  for  the  observed  phenomena  in  canine  anaphylaxis,  have  not 
been  reported. 

If  this  explanation  is  correct,  the  characteristic  features  of  acute 
anaphylactic  shock  in  different  species  depend  merely  on  differences  iq 
the  distribution  of  non-striated  muscle  in  the  different  species.  We 
have  abimdant  experimental  evidence  that  imstriated  muscle  of  all 
tissues  or  organs  is  stimulated  to  contraction  in  the  anaphylactic 
reaction,  which  explains  the  micturition  and  defecation,  and  perhaps 
the  erection  of  the  hairs  and  the  exophthalmos  observed  in  anaphy- 
lactic shock.  Whether  the  marked  changes  in  the  heart  action,  some- 
times in  the  nature  of  heart  block,  revealed  in  the  anaphylactic  rabbit 
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by  electrocardiographic  methods  (Auer  and  Robinson,  45)  depend  on 
spasm  of  the  coronary  arteries,  on  reaction  of  the  heart  muscle  itself, 
or  on  the  pulmonary  obstruction,  is  not  known.  Presumably  the 
stimulation  of  unstriped  muscle  tissue  is  universal  [thus,  in  the  dog 
severe  bronchial  constriction  does  occur  even  with  the  liver  and  other 
abdominal  viscera  excluded  from  the  circulation  (Pelz  and  Jackson, 
46)],  and  the  symptoms  observed  depend  upon  the  degree  of  develop- 
ment of  these  muscles,  or  their  strategic  location,  in  different  organs  of 
different  species.^  Corroborating  this  view  is  the  fact  that  fatal  ana- 
phylaxis reactions  in  man  are  practically  Jimited  to  persons  suffering 
from  chronic  asthma.'  In  such  persons  there  is  a  profound  thickening 
of  the  bronchial  wall,  together  with  great  hypertrophy  of  the  bronchial 
musculature,  which  facts  are  brought  out  strikingly  in  the  study  of  the 
pathological  anatomy  of  bronchial  asthma  in  this  laboratory  by  Huber 
and  Koessler  (51).  Such  asthmatic  persons,  having  bronchi  like  those 
of  the  guinea  pig,  react  in  the  same  way  as  the  guinea  pig  when  injected 
with  the  specific  antigen.  On  the  other  hand,  it  may  occasionally 
happen  that  the  manifestations  may  affect  chiefly  the  splanchnic  area, 
as  in  the  dog  (see  case  reported  by  Gurd  and  Roberts,  52),  but  the 
reason  for  this  localization  in  these  cases  has  not  been  sought  in  the 
light  of  Simond's  observations.* 

*  The  theory  that  leucocytic  blocking  of  pulmonary  capillaries  is  important 
(Werigo,  47)  is  not  supported  by  many  studies  of  the  lungs  in  anaphylaxis,  and 
is  contradicted  by  the  lack  of  any  decrease  in  severity  of  reaction  in  guinea 
pigs  with  greatly  reduced  number  of  leucocytes  from  Thorium-X  treatment 
(Corper,  48). 

'  A  remarkable  instance  of  fatal  anaphylaxis  in  man  has  been  reported  by 
Jeanbrau  (49).  The  patient  had  been  given  antitetanus  serum,  and  three  weeks 
later  received  a  transfusion  of  blood  from  a  man  who  had  received  a  dose  of  anti- 
tetanus serum  that  very  morning,  death  resulting  in.  a  few  seconds.  On  the 
whole,  however,  man  does  not  seem  to  be  highly  susceptible  to  anaphylaxis,  at 
least  as  compared  with  the  guinea  pig;  thus,  Bottner  (50)  calls  attention  to  the 
fact  that  collargol  has  had  a  widespread  use  by  intravenous  injection  at  intervals 
suitable  to  produce  sensitization  and  shock,  without  recorded  serious  results, 
although  it  contains  25  per  cent  of  protein  and  produces  reactions  readily  in 
guinea  pigs. 

*  Since  examining  Doctor  Simond's  preparations  of  the  dog  hepatic  veins,  I 
have  been  interested  in  the  great  muscular  development  of  the  human  adrenal 
veins.  Although  I  have  not  yet  had  an  opportunity  to  make  measurements  of 
this  material,  I  have  often  noticed  the  large  amount  of  muscular  tissue  in  the 
central  veins  of  the  adrenal,  apparently  greater  tha^  that  in  other  veins  of  cor- 
responding caliber  in  man.  In  view  of  the  relation  of  epinephrin  to  anaphy- 
lactic shock  this  observation,  if  corroborated  by  actual  measurements,  may  be 
of  some  significance. 
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There  is  no  pathological  anatomy  of  anaphylactic  shock  that  cannot 
apparently  be  explained  by  such  a  mechanism  as  that  described  above. 
The  anaphylactic  poison,  if  there  is  one,  would  seem  to  be  after  the 
order  of  the  alkaloidal  poisons,  since  it  produces  immediate  but  transi- 
tory eflFects,  without  evident  structural  alterations  in  the  tissues. 
Such  anatomical  alterations  as  are  observed,  such  as  hemorrhages  or 
waxy  degeneration  of  the  voluntary  muscles  of  respiration  (53),  are 
ascribable  to  the  asphyxia  and  circulatory  obstruction.  Longcope  (54) 
and  Boughton  (55)  have  observed  lesions  in  the  kidneys,  hearts  and 
livers  of  rabbits  and  guinea  pigs  subjected  to  repeated  anaphylactic 
shock,  as  well  as  to  repeated  protein  injections  without  shock,  but  in 
view  of  the  frequency  of  spontaneous  lesions  in  animals  kept  imder 
similar  conditions  and  subjected  to  much  manipulation,  it  cannot  be 
said  positively  that  the  lesions  described  resulted  from  anaphylactic 
shock)  or  from  foreign  proteins  (see  Bell  and  Hartzell,  56).  Neverthe- 
less, we  have  in  the  Arthus  phenomenon  a  striking  proof  that  local 
tissue  injury  may  result  from  anaphylactic  reactions,  whether  through 
direct  cellular  injury  or  protracted  vascular  occlusion,  and  so  it  would 
seem  eminently  probable  that  tissue  injury  may  result  elsewhere  than 
in  the  skin  under  similar  conditions. 

Weil  (57)  has  described  changes  in  the  Uver  of  dogs  dying  within  one 
hour  of  anaphylactic  shock,  consisting  of  a  cloudy  swelling  and  in  one 
case  disseminated  necrosis,  but  it  is  possible  that  these  changes  may  be 
the  result  of  the  intense  asphyxia  from  which  the  Uver  suffers.  It  is 
difficult  to  understand  how  injury  to  the  liver  cells  themselves  could 
account  for  the  engorgement,  as  Weil  suggests,  and  equally  difficult  to 
accept  is  Dale's  idea  of  a  selective  toxic  action  on  the  endothelial  cells 
of  the  liver.  Presiunably  the  decreased  coagulability  of  the  blood 
depends  on  injury  to  the  Uver  cells  and  release  of  anticoagulating  sub- 
stances,^ for  Weil  found  that  blood  containing  the  specific  antigen  loses 
its  coagulabihty  when  perfused  through  the  Uver  of  a  sensitized  dog, 
and  poisons  which  injure  the  Uver  produce  a  similar  decrease  in  coagul- 
abiUty.  Also,  autolysis  of  the  liver  is  said  to  be  hastened  in  sensitized 
animals  (95). 

Apparently  some  change  takes  place  in  antigens  which  enter  the 
anaphylactic  Uver,  for  Manwaring  and  Crowe  (59)  found  that  antigen 
perfused  through  the  Uver  of  a  sensitized  guinea  pig  lost  its  toxicity 

•According  to  Bulger  (58),  however,  the  increase  in  antithrombin  is  not 
great,  and  he  ascribes  the  observed  changes  in  coagulability  to  variations  in 
thromboplastin,  together  with  a  marked  increase  in  fibrinolysis. 
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for  sensitized  guinea  pig  lungs,  although  normal  livers  did  not  have 
this  effect,  and  Falls  (60)  observed  that  larger  doses  of  antigen  are 
required  to  produce  shock  when  injected  into  the  portal  vein  than  when 
introduced  into  the  jugular.  Weil  (31)  has  found  evidence  that  anti- 
body and  antigen  coexist  within  the  reacting  tissues  for  some  time, 
the  antigen  being  gradually  destroyed,  a  process  which  may  perhaps 
be  accompanied  by  injury  to  the  cells,  but  L.  Loeb  (61)  could  not 
find  that  thyroid  or  uterus  from  sensitized  guinea  pigs  transplanted 
into  other  animals  were  modified  in  their  vitaUty  as  tissue  grafts,  by 
injection  of  the  specific  antigen  into  the  host. 

Although  we  recognize  the  systemic  anaphylactic  reaction  only  as  it 
affects  non-striated  muscle  tissue,  it  may  well  be  that  this  is  merely 
because  such  tissue  alone  registers  the  effects  in  a  graphic  manner. 
We  do  not  know  whether  any  or  all  other  cells  of  the  sensitized  animal 
are  affected  when  they  come  in  contact  with  the  specific  antigen.  Still 
less  do  we  know  what  happens  within  the  sensitized  muscle  cell  when 
the  antigen  and  antibody  meet.  Dale  has  shown  that  the  response  is 
inmiediate,  as  when  a  potent  diffusible  drug  acts  on  a  cell,  but  whether 
the  reaction  changes  the  colloidal  state  of  the  cell,  as  has  been  vaguely 
suggested,  or  whether  it  causes  a  discharge  of  energy  after  the  order 
of  an  electrical  stimulus,  or  something  entirely  different,  are  matters 
concerning  which  we  have  no't  the  slightest  information. 

Metabolism  studies  may  show  an  increased  toxicogenic  destruction 
of  protein  (62),  but  the  increase  in  amino  acids,  presumably  resulting 
from  proteolysis  within  the  tissues  of  the  reacting  individual,  is  not 
lai^e  enough,  if  it  occurs  at  all,  to  be  significant.  Thus,  Auer  and 
Van  Slyke  (63)  were  unable  to  find  a  demonstrable  increase  in  free 
amino  nitrogen  in  the  anaphylactic  guinea  pig  lung,  nor  do  the  livers 
of  guinea  pigs  dying  in  anaphylactic  shock  contain  appreciably  more 
non-coagulable  nitrogen  than  normal  livers  (64).  However,  in  ana- 
phylaxis in  guinea  pigs,  as  well  as  after  peptone  poisoning,  there  is  a 
considerable  increase  in  non-coagulable  and  urea  nitrogen  in  the  blood, 
as  well  as  a  slight  increase  in  amino  nitrogen,  but  it  is  not  known  whether 
this  comes  from  the  tissues  or  from  the  antigen-antibody  reaction  in  the 
blood,  although  the  former  seems  more  probable  (see  Hisanobu,  65). 
Manwaring  (66)  foimd  that  no  appreciable  loss  of  the  antigenic  protein 
occurred  during  its  perfusion  through  the  organs  of  sensitized  animals. 
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DE8EN8ITIZATION  AND  ANTI-ANAPHYLAXI8 

An  important  and  characteristic  feature  of  the  anaphylactic  reaction 
is  the  refractory  condition  which  the  recovered  animal  exhibits  imme- 
diately thereafter,  provided  that  the  amount  of  antigen  injected  has 
been  sufl^ciently  large,  and  isolated  muscle  strips  exhibit  the  same 
phenomenon.  If  the  reaction  is  produced  by  minimal  quantities  of 
antigen,  the  animal  may  still  react  to  a  second  dose  of  the  same  antigen. 
Evidently  this  condition  of  desensitization  depends  upon  an  exhaustion 
or  saturation  of  the  antibodies.  The  desensitization  is  quite  as  spe- 
cific as  the  acute  reaction  itself,  for  if  the  guinea  pig  has  been  sensitized 
to  two  different  proteins  and  recovers  from  the  shock  induced  by  one 
of  them  to  which  it  thus  becomes  entirely  refractory,  it  will  still  react 
to  the  second  protein.  I  have  had  much  occasion  to  take  advantage 
of  this  phenomenon  in  determining  the  purity  of  protein  preparations, 
and  in  studying  the  relations  of  such  proteins,  and  have  found  it  to 
exhibit  a  reliable  specificity.  It  was  noted  early  in  this  work,  however,  • 
that  the  reaction  to  the  second  protein  is  seldom  as  severe  as  it  would 
be  if  it  were  a  primary  reaction.  This  has  been  repeatedly  confirmed 
by  others,  and  Dale  (32)  found  that  the  isolated  uterus  from  an  animal 
sensitized  to  more  than  one  antigen  showed  a  similar  decrease  in  reac- 
tivity after  a  maximal  reaction  to  one  of  these  antigens.  Presiunably 
this  is  due  at  least  in  part  to  exhaustion  of  the  reacting  mechanism, 
and  perhaps  in  part,  in  the  case  of  intraperitoneal  injections,  to  an 
impaired  absorption  because  of  inflammatory  reactions  and  obstructed 
lymphatics. 

Desensitization  can  be  accomplished  without  anaphylactic  shock  if 
the  antigen  is  "introduced  slowly  enough,  which  is  usually  the  case 
when  the  injection  is  subcutaneous.  Conversely,  the  production  of 
observable  anaphylactic  shock  requires  that  the  toxic  dose  of  antigen 
reach  the  antibodies  within  a  brief  period. 

Weil  (67)  made  a  quantitative  study  of  desensitization  following 
passive  sensitization  with  standardized  amounts  of  antibody,  and 
found  that  the  quantity  of  antigen  needed  to  produce  a  reaction  in  a 
partially  desensitized  pig  did  not  bear  a  constant  relation  to  the  amount 
of  unsaturated  antibody  presumably  left  after  the  first  reaction,  as 
shown  by  the  following  table: 
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Sensitization:  0.S  cc.  immune  serum  iniraperitoneally 


GUINEA  PIO  SERIES 

DESBNSmZINO  DOSE  OF 
HORSE  SERUM 

MINIMAL  ANAPHTLACTIC  DOSE 

OP  HORSE  SERUM, 

I NTR  APERITONEALLT 

1 

2 
3 
4 

ee. 

0.005 
0.01 
0.02 
0.05 

CC. 

0.1 
0.5 
0.5 
0.5 

As  the  minimum  anaphylactic  dose  of  antigen  after  partial  desensitiza- 
tion  is  much  larger  than  before  partial  desensitization,  it  would  seem 
that  the  reactivity  or  affinity  of  the  antibody  had  been  much  reduced 
in  the  desensitizing  process.  This  alteration  in  quantitative  relation- 
ship between  antigen  and  antibody  is  distinctly  different  from  the 
fixed  quantitative  relations  observed  between  precipitinogen  and  pre- 
cipitin, and  Weil  pointed  out  the  resemblance  to  the  Danyz  phenom- 
enon observed  in  toxin-antitoxin  neutralization;  i.e.,  the  changed 
quantitative  relationship  produced  by  adding  antitoxin  to  toxin  in 
small  fractions  instead  of  a  single  neutralizing  quantity.    As  he  stated, 

The  same  antibody,  when  in  solution  as  precipitin,  combines  with  antigen 
quantitatively,  and  in  sjirictly  constant  proportions,  to  form  precipitate;  when 
attached  to  the  cell,  as  sensitizing  antibody,  it  combines  with  antigen  in  varying 
proportions.    The  living  cell,  therefore,  modifies  its  properties. 

Coca  (1),  however,  makes  the  valid  suggestion  that  these  observations 
can  be  explained  by  the  assumption  that  the  sensitizing  serum  contains 
antibodies  of  varying  avidity  for  antigen,  whereby  those  with  the 
greatest  avidity  are  saturated  with  the  first  partial  desensitizing  dose, 
leaving  the  less  reactive  antibodies  to  unite  with  the  second  dose  of 
antitoxin.  These  suggestive  and  important  quantitative  studies  have 
not  been  extended  since  the  untimely  death  of  Doctor  Weil  removed 
one  of  the  most  brilliant  and  productive  students  of  anaphylaxis. 

Sensitized  animals  may  be  refractory  to  anaphylactic  reactions  not 
only  because  of  saturation  or  exhaustion  of  the  fixed  antibodies,  but 
because  the  presence  of  free  antibodies  in  the  circulating  blood  prevents 
the  antigen  from  coming  in  contact  with  the  intracellular  antibodies, 
i.e.,  the  condition  of  anti-anaphylaxis.  There  has  been  much  con- 
fusion in  the  literature  because  of  the  careless  use  of  the  term  "anti- 
anaphylaxis"  to  cover  all  refractory  conditions.  This  term  should 
logically  be  applied  only  to  a  resistance  due  to  antibodies,  using  the 
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term  desensitization  for  the  condition  which  it  describes,  as  indicated 
in  previous  paragraphs. 

It  is  this  form  of  antibody  resistance,  true  specific  anti-anaphylaxis, 
which  accounts  for  the  failure  to  obtain  anaphylactic  shock  in  guinea 
pigs  immunized  to  a  foreign  protein  by  repeated  injections.  This 
assumption,  which  was  made  early  in  anaphylaxis  work,  seems  to  have 
been  converted  into  a  certainty  by  the  demonstration  of  Manwaring 
and  Kusama  (29)  that  the  isolated  organs  of  such  immunized  guinea 
pigs,  washed  free  of  circulating  antibodies,  are  very  highly  sensitized 
to  the  specific  antigen.  Weil  (68)  further  showed  that  if  small  doses  of 
antigen  are  injected  subcutaneously  into  passively  sensitized  guinea 
pigp  that  have  been  given  intravenous  injections  of  large  protective 
doses  of  antiserum,  the  uterus  is  not  desensitized  as  it  otherwise  would 
be,  since  the  antigens  are  kept  from  uniting  with  the  intracellular  anti- 
bodies. 

Antisensitization  is  a  somewhat  similar  phenomenon  described  by 
Weil  (69).  If  a  guinea  pig  is  given  a  single  dose  of  rabbit  serum  several 
days  before  a  sensitizing  dose  of  serum  from  a  rabbit  imnjune  to  a 
foreign  protein,  the  usual  passive  sensitization  does  not  take  place. 
This  is  explained  by  the  development  in  the  guinea  pig  of  antibodies 
fo  the  rabbit  serum,  which  protect  the  guinea  pig's  tissues  from  the 
antibodies  of  the  immune  rabbit  serum.  In  proof  of  this  conclusion 
is  the  fact  that  such  preliminary  injection  with  rabbit  sermn  does  not 
prevent  passive  sensitization  with  the  serum  of  a  guinea  pig  immunized 
to  foreign  protein.  Also,  Manwaring  and  Kusama  (29)  showed  that 
in  immunized  guinea  pigs  the  bronchial  musculature  is  highly  sensi- 
tized but  that  the  presence  of  the  blood  of  the  immune  animal  will 
prevent  reactions  with  the  specific  antigen  in  lung  perfusion  experi- 
ments. 

Another  form  of  refractoriness,  which  is  essentially  a  desensitization, 
may  occur  when  a  large  sensitizing  dose  is  given.  Differences  may 
be  observed  even  when  the  larger  sensitizing  doses  are  not  very  large; 
thus  Thomsen  (70)  states  that  a  sensitizing  dose  of  0.004  cc.  of  serum 
produces  a  maximum  sensitization  more  quickly  than  0.1  cc,  although 
the  final  maximum  degree  of  sensitization  is  the  same  with  each  dose. 
This  seems  explainable  on  the  basis  of  the  persistence  of  antigens  in 
the  blood  during  the  time  of  formation  of  the  antibodies  and  their 
fixation  within  the  cells,  whereby  they  are  saturated  with  the  antigen 
gradually  as  fixation  takes  place,  without  at  any  one  time  sufficient 
reaction  taking  place  to  be  observable.    Weil  believed  that  antigen 
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and  antibody  might  coexist  in  the  cells  without  union,  as  they  are 
known  to  do  in  the  circulating  blood.  Of  course,  when  a  very  large 
sensitizing  dose  of  antigen  is  given  there  may  be  engendered  suflScient 
antibodies  to  produce  the  condition  of  antianaphylaxis  from  the  excess 
antibodies  in  the  blood. 

Still  a  different  form  of  interference  with  sensitization  has  been 
described  by  Julian  Lewis  (71),  who  found  that  an  amount  of  protein 
that  will  produce  a  marked  anaphylactic  sensitization  when  injected 
alone  into  a  guinea  pig,  will  fail  to  do  so  if  injected  together  with,  or 
twenty-fom*  hours  after,  a  much  larger  amount  of  another  protein. 
Thus,  in  a  series  of  guinea  pigs  sensitized  with  0.1  cc.  horse  serum 
mixed  with  decreasing  quantities  of  dog  serum  from  2  cc.  to  0.001  cc, 
no  reactions  were  obtained  in  the  animals  receiving  from  1  to  2  cc.  of 
horse  serum,  severe  reactions  but  with  recovery  in  those  receiving  from 
0.26  to  0.01  cc.  dog  serum,  as  compared  with  promptly  fatal  reactions 
in  the  animals  that  received  no  dog  serum. 

The  sermn  from  a  rabbit  immune  to  horse  sermn,  which  will  markedly 
sensitize  a  guinea  pig  to  horse  serum,  will  fail  to  do  so  if  injected  with, 
or  twenty-four  hours  after,  a  large  dose  of  another  protein. 

These  results  may  be  explained  by  the  conception  that  the  nimaber 
of  receptors  in  the  body  that  can  unite  with  a  foreign  protein  is  limited. 
The  inhibiting  protein,  if  present  in  large  amount,  combines  with  all, 
or  almost  all,  of  these  receptors.  Hence,  another  protein  injected  with 
it,  or  after  it,  is  prevented  from  being  combined  in  sufficient  amount 
to  stimulate  the  active  production  of  antibodies.  And  when  a  large 
amount  of  protein  is  injected  with  or  after  a  sensitizing  dose  of  immime 
serum,  the  combination  of  the  latter  with  the  cell  receptors,  which  is 
necessary  for  passive  sensitization,  is  prevented  in  the  same  way. 

I  have  found  that  the  condition  of  antisensitization  may  be  produced 
through  feeding  (72)  as  well  as  by  injection,  and  presumably  this  con- 
dition explains  a  niunber  of  phenomena  observed  both  in  experimental 
animals  and  in  man. 

Guinea  pigs  bred  from  mothers  fed  with  oats  were,  as  soon  as  weaned,  put  upon 
a  diet  of  egg  albumen  and  carrots.  Other  young  pigs  from  the  same  stock  were 
raised  upon  oats  and  carrots.  The  latter  animals,  after  reaching  a  weight  of  250 
to  300  grams,  did  not  give  anaphylactic  reactions  when  injected  with  0.05  gram 
of  a  protein  obtained  from  raw  oats,  and  if  given  small  doses,  such  as  ordinarily 
given  for  sensitizing,  they  were  not  rendered  sensitive  to  subsequent  injections 
of  0.05  gram  of  oat  protein.  Some  of  the  pigs  which  were  raised  to  200  to  250  grams 
weight  without  oats  were  found  to  give  a  tjrpical  reaction  of  moderate  severity 
when  injected  once  with  0.05  gram  oat  protein,  apparently  from  passive  sensi- 
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tisation  conferred  by  the  mother.  Others  gave  no  reaction.  After  the  animals 
fed  without  oats  were  somewhat  older,  350  to  400  grams,  they  reacted  much  less 
strongly  or  not  at  all  to  oat  protein,  as  if  this  inherited  passive  sensitization  were 
passing  off,  as  passive  sensitization  normally  does;  such  pigs,  if  given  sensitizing 
doses  of  oat  protein,  are  found  to  be  sensitive  to  this  protein  three  weeks  later, 
giving  well-defined  reactions  of  moderate  severity.  Hence  the  conclusion  seems 
warranted  that  if  guinea  pigs  are  raised  on  oat  proteins  they  cannot  be  made  to 
give  anaphylactic  reactions  with  oat  proteins,  but  if  raised  without  oats  they 
may  be  sensitized  to  oat  proteins,  just  as  they  can  be  to  other  proteins  not  usually 
in  their  food.  These  experiments  support  experience  obtained  previously  with 
zein,  that  guinea  pigs  become  immune  to  the  chief  vegetable  proteins  of  their 
food. 

Guinea  pigs  raised  from  the  time  of  weaning  on  a  diet  of  egg  protein  (Merck's 
dried  egg  albumen)  and  carrots  were  found  to  give  strong  anaphylaxis  reactions 
when  injected  with  egg  albumen  between  the  thirtieth  and  sixtieth  days,  but 
later  they  reacted  less  strongly,  and  after  the  one  hundredth  day  of  feeding  they 
gave  but  slight  reactions  to  0.1  gram  dried  egg  albumen.  At  this  time  sensitiza- 
tion with  egg  albumen  can  be  obtained  to  only  a  slight  degree,  such  guinea  pigs 
given  injections  of  egg  albumen  showing  but  slight  reaction  to  a  subsequent  dose 
of  egg  albumen,  while  control  pigs  fed  on  oats  and  carrots  gave  severe,  usually 
fatal,  reactions  to  corresponding  injections  of  egg  albiunen.  Apparently,  then, 
daily  absorption  of  animal  protein  in  the  food  at  first  renders  guinea  pigs  hyper- 
sensitive to  this  protein,  but  if  the  feeding  is  kept  up  for  a  long  enough  period 
the  animals  become  refractory  to  the  food  protein  and  are  so  immimized  that  they 
cannot  be  sensitized  to  this  protein. 

A  series  of  guinea  pigs  which  were  raised  on  bread  and  cow  milk  for  ten  weeks 
were  found  at  the  end  of  this  time  to  be  still  highly  sensitive  to  milk,  dying 
promptly  when  given  1  to  3  cc.  of  milk  intraperitoneally.  Apparently  this  length 
of  feeding  is  not  sufficient  to  render  guinea  pigs  immune  to  milk.  These  results 
are  not  at  all  in  harmony  with  those  of  Besredka  (73),  who  did  not  succeed  in  sen- 
sitizing with  milk  by  either  oral  or  rectal  administration,  but  did  find  that  sensi- 
tized guinea  pigs  were  made  refractory  to  intracerebral  injections  of  milk  if 
previously  given  milk  by  either  of  these  routes.  They  are  corroborated,  how- 
ever, by  the  observation  of  Schlutz  and  Larson  (74)  that  the  blood  of  infants 
exhibiting  the  exudative  diathesis  when  injected  into  guinea  pigs  renders  them 
passively  sensitive  to  milk. 

Non-specific  transitory  reduction  of  the  intensity  of  anaphylactic 
reactions  may  be  produced  by  intravenous  injection  of  numerous 
substances  shortly  before  giving  the  intoxicating  dose.  Peptones, 
trypsin,  various  inorganic  salts,  urine  and  foreign  proteins  other  than 
those  used  in  sensitizing,  are  among  these  non-specific  desensitizers, 
and  their  mechanism  of  action  is  not  understood.  Kopaczevski  and 
VahrMn  (75)  have  found  that  sodium  oleate  has  this  effect  to  a  marked 
degree,  which  they  ascribe  to  a  lowering  of  surface  tension  of  the  blood, 
on  the  hypothesis  that  anaphylactic  shock  depends  upon  a  plugging  of 
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capillaries  by  colloidal  flocculation.  Although  perfusion  experiments 
demonstrate  that  such  gross  capillary  occlusion  does  not  occur  in  the 
anaphylactic  lung,  yet  the  various  items  of  evidence  that  changes  in 
the  colloidal  state  of  the  blood  are  of  importance  in  the  phenomena  of 
"anaphylatoxin"  intoxication  make  this  observation  of  significance. 
The  protective  action  of  NaCl  has  usually  been  ascribed  to  its  inter- 
ference with  complement  action,  but  Richet  (76)  attributes  it  to  its 
action  on  nerve  cells,  and  others  would  ascribe  it  to  the  effect  on  the 
colloidal  state  of  the  cells  and  fluids.  Thomsen  (70)  refers  non-specific 
interference  with  the  anaphylaxis  reaction  to  a  reduction  in  the  speed 
of  reaction  between  antigen  and  antibody,  whereby  a  greater  amoimt 
of  antigen  is  found  necessary  to  produce  shock,  but  no  explanation  is 
offered  as  to  why  the  speed  of  reaction  is  reduced. 

THE     SPECIFICITY    OP     THE     ANAPHYLAXIS    REACTION 

If  we  limit  the  evidence  on  this  subject,  as  we  properly  should,  to 
that  obtained  in  unquestionable  typical  anaphylaxis  with  protein 
antigens,  it  may  be  said  that  the  anaphylaxis  reaction  exhibits  exactly 
the  same  degree  of  specificity  that  we  obtain  with  the  complement 
fixation  or  precipitin  reactions.  In  all  cases  group  reactions  are 
obtained  when  sera  or  extracts  of  tissues,  etc.,  derived  from  closely 
related  species,  are  used,  and  likewise,  as  emphasized  by  Magnus  and 
others  (20)  and  confirmed  for  the  isolated  uterus  (by  Dale,  32),  increas- 
ing the  antigenic  doses  tends  to  broaden  the  scope  of  the  reaction. 

Experiments  with  such  hopelessly  complex  mixtures  as  are  furnished 
by  serum,  orgato  extracts,  or  even  egg  whites  and  milk,  cannot  be 
expected  to  yield  much  valuable  information  concerning  specificity. 
A  common  error  in  the  literature  is  the  statement  that  the  anaphylaxis 
reaction,  or  some  other  immunological  reaction,  is  not  absolutely 
specific,  since  slighter  reactions  are  obtained  with  sera  of  related  spe- 
cies, etc.  What  is  not  specific  in  such  experiments  is  the  antigen  used, 
not  the  reaction.  If  the  antigens  are  isolated  proteins,  purified  as 
completely  as  possible,  striking  illustrations  of  specificity  may  be 
demonstrated  both  by  sensitizing  and  by  desensitizing  with  specific 
proteins.  For  such  work  the  proteins  from  seeds  and  nuts  seem  to  be 
especially  useful,  for  commonly  they  represent  stored  proteins,  appar- 
ently set  apart  with  a  small  number  of  other  proteins  as  compared 
with  the  conditions  in  blood  and  tissues;  furthermore,  many  of  them 
are  crystallizable,  some  are  soluble  in  alcohol,  -and  others  present  strik- 
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ing  solubility  characteristics,  so  that  they  are  especially  susceptible  of 
separation  and  purification.  Of  the  animal  proteins  those  that  resist 
heat  coagulation,  such  as  casein  and  ovomucoid,  or  those  that  crystal- 
lize, of  which  egg  albumin  is  the  chief  example  (for  thecrystallizable 
hemoglobins  are  not  antigenic)  are  the  best  materials. 

Working  with  such  proteins,  it  has  been  possible  to  demonstrate 
conclusively  that  biological  origin  is  not,  per  ae,  the  thing  that  deter- 
mines the  inunimological  specificity  of  a  given  protein,  but  its  chemical 
composition.  The  fact  that  the  sera  or  tissues  of  dififerent  species  can 
conunonly  be  distinguished  from  one  another  by  immunological  reac- 
tions, indicates  therefore  that  as  a  rule  the  proteins  of  dififerent  species 
are  chemically  dififerent  from  the  proteins  of  other  species,  even  when 
these  proteins  have  sitnilar  functions  and  exhibit  close  physical  and 
chemical  similarities,  e.g.,  horse  serum  and  ox  serum.  But  there  are 
many  exceptions  to  this  rule  of  inmiunological  dififerences  between  the 
proteins  of  dififerent  species,  e.g.,  goat  casein  and  cow  casein  show  to 
a  considerable  degree  interchangeable  immunological  reactions,  whereas 
they  show  amore  distinct  specificity  against  the  serum  proteins  of  the 
same  species  as  furnished  the  casein.  Thus,  cow  milk  casein  can  be 
differentiated  even  from  lactalbumin  of  the  same  species  more  sharply 
than  frbm  casein  of  goat^s  milk  by  complement  fixation  (Bauer),  and 
cow  casein  and  goat  casein  sensitize  mutually  to  one  another  (72). 
A  study  of  the  proteins  of  hens'  eggs  by  the  anaphylaxis  reaction 
showed  that  five  distinguishable  antigens  could  be  dififerentiated  from 
one  another,  and,  furthermore,  that  these  corresponded  to  five  dififerent 
proteins  that  had  been  dififerentiated  by  chemical  methods,  namely, 
ovomucoid,  ovovitellin,  albumin,  and  two  dififerent  globulins  (72). 

Ebctended  studies  with  milk  proteins  have  also  developed  the  same 
fundamental  fact,  that  antigens  which  can  be  distinguished  from  one 
another  by  means  of  the  anaphylaxis  reaction  are  usually  found  to  be 
readily  distinguishable  from  one  another  by  chemical  means  (77). 
The  fact  that  dififerent  protein  fractions  of  serum  show  stronger  reac- 
tions when  the  same  fraction  is  used  as  both  sensitizing  and  intoxicat- 
ing doses  tha.n  when  dififerent  fractions  are  used  (Dale  and  Hartley,  78; 
Kato,  79)  probably  indicates  a  similar  relationship. 

The  study  of  vegetable  proteins  also  brings  this  out  clearly,  and 
furthermore  indicates  that  we  may  have  chemically  distinct  although 
similar  proteins,  which  show  corresponding  distinctions  and  relations. 
Thus,  hordein  of  barley  is  chemically  similar  to  gliadin  of  wheat  and 
rye,  although  showing  sufficient  chemical  dififerences  to  establish  it  as  a 
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distinct  protein,  but  gliadin  of  wheat  is  chemically  indistinguishable 
from  gliadin  of  rye.  Guinea  pigs  sensitized  with  gliadin  from  wheat  or 
rye  give  strong  anaphylactic  reactions  when  injected  with  hordein  of 
barley,  but  not  as  strong  as  with  the  homologous  proteins,  and  the 
same  results  are  obtained  with  injections  in  the  reverse  order.  After 
such  cross  reactions,  however,  the  recovered  animals  are  not  found  to 
be  desensitized  to  the  homologous  proteins,  which  indicates  either  that 
there  are  two  or  more  individual  proteins  in  the  preparations  of  hordein 
and  gliadin,  one  of  which  is  conmion  to  both,  or  else  the  presence  in 
gliadin  and  hordein  of  conmion  and  specific  reactive  groups.  The 
chemical  evidence  is  in  favor  of  the  latter  conclusion.  On  the  other 
hand,  the  chemically  indistinguishable  gUadins  of  rye  and  wheat  inter- 
act against  one  another  as  if  they  were  one  and  the  same  protein  (7). 
Other  examples  of  crossed  reactions  between  unlike  proteins  have  been 
observed;  for  example,  legumin  from  pea  renders  guinea  pigs  as  sensi- 
tive to  legumin  from  vetch  as  it  does  to  itself,  and  vice  versa,  and 
legumin  from  other  seeds  shows  close  immunological  relation.  On  the 
other  hand,  a  chemically  distinguishable  protein, from  another  legu- 
minous plant,  glycinin  from  soy  bean,  does  not  sensitize  to  vetch  legu- 
min, or  vice  versa  (80).  The  so-called  natural  proteoses  of  seeds  show 
many  striking  illustrations  of  the  same  sort  (11). 
These  and  other  experiments  have  led  to  the  conclusion  that 

the  entire  protein  molecule  is  not  necessarily  involved  in  the  specific  character 
of  the  anaphylaxis  reaction,  but  this  is  developed  by  certain  groups  contained 
therein,  and  that  one  and  the  same  protein  molecule  may  contain  two  or  more 
such  groups.  It  may  well  be  that  the  intact  protein  molecule  is  involved  in  the 
reaction  (for  there  is  but  little  evidence  that  anything  less  than  an  intact  protein 
molecule  is  capable  of  producing  the  typical  reaction),  but  that  certain  groups 
determine  the  specificity  (Wells  and  Osborne,  81). 

Also,  **  since  chemically  similar  proteins  from  seeds  of  diiferent 
genera  react  anaphylactically  with  one  another,  while  chemically  dis- 
similar proteins  from  the  same  seed  in  many  cases  fail  to  do  soi  we 
must  conclude  that  the  specificity  of  the  anaphylaxis  reaction  depends 
upon  the  chemical  structure  of  the  protein  molecule''  (80).  Corrobo- 
rative evidence  has  been  furnished  with  precipitin  reactions  by  Land- 
steiner  and  Lampl  (82). 

As  to  what  groupings  in  the  protein  molecule  determine  the  spe- 
cificity, little  is  known.  Obermayer  and  Kck  (83)  beUeved  that  the 
specificity  characteristic  of  species  was  determined  by  the  aromatic 
radicals,  since  iodizing  or  diazoting  proteins  removed  this  specificity 
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when  tested  by  the  precipitin  reaction.  Iodized  proteins  tested  by  the 
anaphylaxis  reaction,  however,  I  have  not  found  to  have  altered  in 
range  of  specificity  from  the  original  proteins  (8).  ' 

That  the  anaphylaxis  reaction  is  a  less  deUcate  means  of  determining 
specificity  than  the  precipitin  reaction,  and  especially  the  complement 
fixation  reaction,  is  shown  by  the  fact  that  when  animals  are  immunized 
to  hordein  a  serum  of  low  antibody  titer  reacts  only  with  hordein,  but 
with  antihordein  serum  of  high  titer  both  precipitin  and  complement 
fixation  reactions  are  obtained  with  gUadin  of  wheat  or  of  rye  and 
passive  sensitization  is  given  with  the  same  proteins  (20). 

Probably  the  more  general  use  of  the  uterus  strip  method  will  enhance 
the  delicacy  of  anaphylaxis  work  in  the  future,  since  this  offers  less 
uncontrollable  factors  than  experiments  with  the  intact  animal.  A 
good  illustration  of  this  is  furnished  by  a  recent  report  from  Dakin 
and  Dale  (84).  Previous  workers  have  stated  that  the  egg  proteins  of 
different  species  of  birds  are  not  readily  distinguishable  by  anaphylaxis 
reactions,  or  at  least  that  they  show  a  less  marked  specificity  than 
serum  (for  review,  see  72).  Welsh  and  Chapman  found  by  the  precipi- 
tin reaction,  using  the  saturation  test,  that  antiserum  for  any  egg 
white  contains  a  general  avian  antisubstance  reacting  with  all  sorts  of 
bird  egg  proteins,  and  an  independent  antisubstance  specific  for  the 
species.  By  the  anaphylaxis  reaction,  however,  such  tests  as  have 
been  made  have  shown  a  striking  absence  of  specificity.  Dale  and 
Hartley  found,  in  preliminary  experiments,  that  crystalUzed  albumins 
from  hen  eggs  and  from  duck  eggs  sensitized  mutually  to  one  another 
even  with  the  guinea  pig  uterus  method,  but  by  using  quantitative 
methods  and  by  checking  up  with  the  desensitizing  test,  it  was  later 
possible  for  Dale  to  detect  differences  between  the  two.  The  impor- 
tance of  this  observation  lies  especially  in  the  studies  carried  out  by 
Dakin  on  the  chemistry  of  these  two  albumins.  When  hydrolyzed, 
their  amino  acid  content  is  very  similar,  but  when  the  proteins  are 
first  racemized  and  then  hydrolyzed  it  is  found  that  there  are  dis- 
tinct differences  in  the  degree  of  racemization  of  the  leucine,  aspartic 
acid  and  histidine.  There  being  reasons  for  believing  that  the  amino 
acids  which  escape  racemization  occupy  the  terminal  positions  in 
the  peptid  chains  of  which  the  protein  molecule  is  built,  this  result 
indicates  that  there  are  at  least  structural  or  spatial  differences  in  these 
two  proteins.  In  other  words,  a  close  relationship  by  immunological 
tests  is  here  associated  with  chemical  similarity,  and  a  sUght  difference 
in  chemical  structure  is  found  which  presimiably  accounts  for  a  sHght 
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immunological  difference  that  can  be  detected  only  by  the  most  sensi- 
tive methods.  This  point  of  view  is  quite  in  harmony  with  that  devel- 
oped by  Osborne  and  myself  from  our  studies  of  the  immunological 
specificity  of  the  vegetable  proteins.  Although  not  based  on  the 
anaphylaxis  reaction,  but  on  precipitins,  the  corroborative  results  of 
Landsteiner  and  Lampe  (82)  may  be  recalled  here;  namely,  that  if  one 
derivative  (halogenized,  azotized,  etc.)  of  a  protein  reacts  with  another 
sort  of  derivative,  the  position  in  the  molecule  of  the  substituted  rad- 
icals is  identical  or  closely  related.  That  is  to  say,  cross  reactions 
depend  on  chemical  relationships,  and  the  specificity  is  determined  by 
relatively  small  portions  of  the  large  antigen  molecule. 

The  observation  that  the  location  in  the  molecule  of  definite  groups 
is  indicated  by  their  immunological  reactions  can  best  be  explained  as 
depending  on  spatial  correspondence  of  antigen  and  antibody,  just  as 
Emil  Fischer  assimied  for  the  specific  action  of  ferments  in  his  com- 
parison to  ''lock  and  key."  Here  again  we  get  evidence  that  both 
chemical  composition  and  spatial  relations  are  concerned  in  deter- 
mining specificity.  Presimiably  there  are  also  innvunerable  isomeres 
that  cannot  be  distinguished  by  our  present  methods,  which  correspond 
to  the  racial  and  individual  differences  which  ai^  so  obvious  and  yet 
not  to  be  detected  by  serum  reactions. 

Contemplating  the  possible  nimiber  of  variations  in  the  arrangement 
of  the  amino-acids  in  a  protein  which  the  great  number  of  these  radicals 
provides,  there  is  no  difficulty  in  understanding  the  existence  of  an 
almost  limitless  nimaber  of  specific  distinctions  between  proteins. 
Abderhalden,  indeed,  calculated  that  the  20  amino  acids  we  find  in 
proteins  could  form  at  least  2,432,902,008,176,640,000  different  com- 
pounds, and  this  without  including  possible  compounds  varying  in 
quantitative  relations.  A  contribution  to  the  chemical  basis  of  spe- 
cificity has  been  made  by  Kossel  (85),  who  finds  certain  relations  in  the 
proportions  and  groupings  of  the  scanty  nvunber  of  amino-acids  that 
make  up  the  protamines  and  histones  of  sperm,  to  be  characteristic  of 
the  sperm  of  certain  species  and  families. 

THE  RELATION  OF  ANAPHYLAXIS  TO   SERUM   DISEASE,   TO   DRUG   HYPEI^- 
SENSITIVENESS  AND  TO  HAY  FEVER 

At  present  the  evidence  in  respect  to  these  topics  is  so  contradictory 
as  to  defy  positive  conclusions.  In  respect  to  certain  acute  serum 
reactions,  such  as  one  in  which  a  person  with  "horse  asthma''  dies  in  a 
few  moments  of  bronchial  spasm  after  receiving  an  injection  of  horse 
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serum,  it  seems  evading  the  obvious  to  attempt  to  interpret  the  occur- 
rence in  any  other  way  than  as  true  anaphylactic  shock,  resulting  from 
a  specific  antigen-antibody  reaction;  and  as  such  a  sensitized  person 
usually  exhibits  also  typical  acute  local  reactions  immediately  after 
intracutaneous  introduction  of  the  most  minute  amounts  of  horse 
serum,  or  of  other  horse  proteins  as  well,  it  seems  diflScult  to  deny,  at 
least  in  such  a  case,  that  the  cutaneous  reaction  of  hypersensitiveness 
represents  again  a  true  specific  antigen-antibody  reaction,  and  is  a 
true  manifestation  of  anaphylaxis.  Furthermore,  it  is  sometimes  pos- 
sible to  desensitize  a  person  to  the  protein  to  which  he  is  sensitive, 
removing  both  the  systemic  and  cutaneous  reactivity. 

A  particularly  interesting  demonstration  by  means  of  passive  sensi- 
tization from  man  to  man,  of  the  true  antigen-antibody  nature  of  horse 
asthma  and  the  specific  skin  reaction  accompanying  it,  has  been 
described  by  Ramirez  (86).  A  man  who  had  never  had  asthma,  hay 
fever,  urticaria,  or  any  similar  condition,  received  a  transfuaon  of  600 
cc.  of  blood  from  a  man  with  typical  horse  asthma,  who  gave  a  cutane- 
ous reaction  to  horse  dandruff  in  1-50,000  dilution.  Two  weeks  later 
the  transfused  patient  went  for  a  carriage  ride  and  within  five  minutes 
had  a  typical  attack  of  asthma,  which  recurred  when  he  again  went 
into  the  park,  and  a  skin  test  gave  a  positive  reaction  to  horse  dandruff 
diluted  1-20,000  but  not  to  any  of  nvunerous  other  proteins.  Also  we 
have  the  passive  transfer  of  sensitivity  to  milk  when  the  blood  of 
infants  with  exudative  diathesis  is  injected  into  guinea  pigs  (Schlutz 
and  Larson,  74). 

But  as  soon  as  we  leave  such  cases  as  these,  and  consider  ordinary 
serum  sickness  with  its  cutaneous  manifestations  and  other  symptoms 
which  follow  at  an  imcertain  period  of  time  after  a  serum  injection, 
often  when  this  is  the  first  injection  of  such  a  serum,  the  resemblance  to 
anaphylaxis  is  much  less  distinct.  Coca  seems  to  have  little  hesitation 
in  eliminating  serum  sickness  entirely  from  the  category  of  anaphy- 
laxis reactions,  laying  particular  emphasis  upon  the  many  points  serum 
disease  has  in  common  with  drug  hypersensitiveness,  which  he  believes 
cannot  possibly  be  true  anaphylaxis.  He  says  "serum  allergy  exhibits 
no  peculiarity  that  can  serve  as  a  criterion  of  separation  of  this  condi- 
tion from  that  of  drug  allergy  and  there  is,  thus,  no  occasion  offered  by 
the  manifestation  of  serum  allergy  to  seek  an  underlying  mechanism 
that  would  be  different  from  that  operative  in  drug  allergy,  that  is, 
one  dependent  on  an  antibody-antigen  reaction."  Hence  he  eliminates 
from  the  domain  of  anaphylaxis  all  the  conditions  manifested  by  cutane- 
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ous  hypersensitivity,  including  the  tuberculin   reaction,   hay  fever, 
food  and  drug  idiosyncracies,  etc. 

Kolmer  (87),  on  the  other  hand,  in  his  review  on  the  cutaneous 
reactions,  states  that  there  are  true  anaphylactic  skin  reactions,  "due 
to  the  interaction  of  a  specific  anaphylactic  antibody  and  specific  ana- 
phylactogen  largely  within  or  without  the  cells,  and  with  the  formation 
of  diffusible  irritant  capable  of  producing  acute  hyperemia,  edema  and 
leucocytic  infiltration  of  the  skin/'  He  thus  accepts  the  theory  of 
local  anaphylaxis  depending  on  the  formation  of  a  poison  by  cellular 
reactions  to  foreign  proteins  introduced  into  the  skin. 

The  relationship  of  the  cutaneous  manifestations  of  serum  disease 
to  anaphylaxis  is  especially  well  supported  by  the  studies  of  C.  W. 
Wells  (88)  on  the  precipitin  content  of  the  blood  of  patients  who  have 
received  diphtheria  antitoxin,  for  he  found  that  in  several  persons  who 
developed  such  manifestations  the  precipitin  titer  fell  to  rise  again 
when  the  rash  faded,  as  if  the  precipitin  had  been  bound  in  the  skin 
and  thus  caused  a  local  anaphylactic  reaction.  Also,  Weil  (31)  observed 
in  human  serum  sickness  a  fall  in  blood  pressure  and  a  decrease  in  the 
coagulability  of  the  blood  (89),  thus  adding  to  the  resemblance  of  this 
condition  to  true  anaphylactic  reactions. 

However,  among  other  fstcts  that  seem  to  separate  cutaneous  hyper- 
sensitiveness  from  systemic  anaphylaxis,  are  the  results  described  by 
Krause  (90)  in  his  studies  on  The  Nature  of  Resistance  to  Tuberculosis. 
He  states  that  whereas,  as  shown  by  Baldwin,  it  is  easily  possible  to 
sensitize  guinea  pigs  to  tuberculo-protein  so  that  they  will  give  typical 
systemic  anaphylactic  reactions,  such  sensitized  animals  do  not  show 
cutaneous  hypersensitiveness  to  tuberqulo-protein,  nor  are  they  pro- 
tected against  infection  with  the  tubercle  bacillus.  Skin  sensitiveness 
can  only  be  obtained  by  producing  an  actual  tuberculous  infection 
somewhere  in  the  animal  and  when  this  tissue  reactivity  has  developed 
it  is  foimd  that  the  animal  has  the  power  to  produce  acute  inflamma- 
tory reactions  about  injected  tubercle  baciUi,  whereby  its  resistance 
is  enhanced.  Fleischner,  Meyer  and  Shaw  (91)  have  corroborated 
this  and  find  that  it  is  equally  true  for  typhoid  baciUi  and  B.  abortus, 
Guinea  pigs  may  be  highly  immunized  with  the  dead  baciUi  or  extracts 
therefrom,  so  that  their  blood  has  a  high  agglutinin  content,  or  anaphy- 
lactic sensitization  may  be  produced,  and  yet  no  cutaneous  sensitivity 
can  be  shown;  but  guinea  pigs  infected  with  living  bacteria  give  posi- 
tive skin  tests. 
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In  support  of  the  view  that  ordinary  serum  sickness  following  injec- 
tion of  foreign  sera  is  not  a  true  anaphylactic  reaction,  but  is  rather 
the  result  of  a  primary  serum  toxicity,  may  be  cited  the  observation  of 
Kraus  (92)  that  bovine  serum  seldom  causes  serum  sickness  in  man  as 
compared  with  its  frequency  after  horse  serum.  However,  it  is  pos- 
sible that  man,  using  beef  protein  as  a  usual  article  of  diet,  may  develop 
an  actual  inmiunity  to  beef  proteins,  as  I  found  guinea  pigs  to  do  with 
the  proteins  forming  the  chief  elements  of  their  diet. 

As  to  hay  fever,  Coca,  who  at  one  time  described  it  as  "a  clinical 
expression  of  a  local  hypersensitiveness,"  the  view  most  generally 
held,  has  been  compelled  by  the  evidence  more  recently  developed,  to 
take  the  opposite  view  and  is  now  convinced  that  hay  fever  is  not  the 
result  of  a  protein  sensitization.  He  is  satisfied  to  accept  its  hereditary 
character  as  an  adequate  explanation,  although  this  does  not  in  any 
way  clear  up  the  pathogenesis  of  the  condition.  The  many  observa- 
tions of  successful  desensitization  by  repeated  injection  of*  pollen  pro- 
teins is  an  outstanding  fact  which  surely  establishes  a  relation  to  ana- 
phylactic sensitization,  as  also  the  close  relationship  to  the  many 
forms  of  asthma  that  are  accompanied  by  skin  hypersensitivity  to  the 
same  proteins  that  are  responsible  for  the  asthma,  and  in  which  desen- 
sitization may  be  obtained  by  injection  of  the  specific  exciting  protein. 
On  the  other  hand,  desensitization  is  accomplished  by  no  means  so 
readily  or  so  surely  as  in  typical  anaphylaxis,  and  even  marked  sys- 
temic reactions  produced  by  relatively  large  desensitizing  doses  of 
pollen  may  fail  to  desensitize  (Rackemann,  93).  An  additional  point, 
of  which  much  is  made  in  discussing  the  relation  of  hay  fever  to  true 
anaphylaxis,  is  that  it  is  usually  impossible  to  confer  passive  hyper- 
sensitivity for  pollen  to  guinea  pigs  by  injecting  them  with  the  senun 
of  patients  with  hay  fever,  but  this  negative  fact  seems  of  little  signifi- 
cance if  we  consider  that  even  the  serum  of  guinea  pigs  highly  sensi- 
tized to  a  foreign  protein  usually  contains  too  few  free  antibodies  to 
confer  passive  sensitization  to  other  guinea  pigs.  The  cells  of  a  man 
may  well  be  highly  sensitized  to  a  foreign  protein  without  there  being 
free  antibodies  in  his  blood  to  produce  passive  sensitization. 

A  new  feature  of  local  reactions  has  recently  been  brought  to  light 
by  Auer  (97),  which  m%y  throw  light  on  some  of  the  manifestations  of 
cutaneous  hjrpersensitivity.  Observing  that  operation  wounds  made 
in  sensitized  dogs  at  the  time  of  reinjection  showed  a  marked  inflam- 
matory reaction  with  a  brawny  edema,  the  suggestion  was  followed  up, 
and  the  following  facts  were  observed.     If  the  ear  of  a  normal  rabbit 
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is  rubbed  gently  with  xylol  there  occurs  a  moderate  inflammatory 
reaction  which  disappears  in  a  short  time  without  serious  injury  to  the 
skin.  The  effects  are  quite  the  same  in  a  rabbit  that  has  been  sensi- 
tized to  a  foreign  protein,  but  in  rabbits  that  have  been  sensitized 
and  then  reinjected  with  the  same  protein  the  xylol  commonly  pro- 
duces a  violent  reaction,  with  exfoliative  dermatitis  followed  by, dry 
gangrene  of  the  tips  of  the  ears.  The  explanation  of  this  striking 
effect  seems  to  be  simple.  The  slight  inflammation  produced  by  the 
xylol  leads  to  a  certain  amoimt  of  inflanmiatory  exudate.  In  the 
sensitized  animals  which  have  been  recently  re-injected  with  the 
sensitizing  protein  the  blood  contains  more  or  less  free  antigen,  which 
is  poured  out  into  the  tissues  with  the  exudate.  Here  it  produces  a 
local  reaction  with  the  sensitized  tissues  quite  the  same  as  if  it  had 
been  locally  injected,  resulting  in  the  usual  local  reaction  seen  in  sen- 
sitized animals.  Presumably  similar  effects  could  occur  in  any  other 
tissue  or  organ.  The  importance  of  this  observation  lies  in  the  recog- 
nition of  a  hitherto  unappreciated  mechanism  by  which  anaphylactic 
reactions  mp,y  be  caused  under  certain  conditions,  by  substances  which 
themselves  do  not  produce  anaphylaxis.  Conceivably,  sensitized  per- 
sons at  times  have  free  antigen  in  their  blood,  especially  in  cases  of 
food  sensitization,  and  if  this  is  so,  injury  to  any  tissue  or  organ,  naight 
possibly  determine  local  anaphylactic  reactions  in  these  places. 
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PHOTO-ELECTRIC  CURRENTS  IN  THE   EYE 

CHARLES  SHEARD 

Sovihbridqe,  Masaachttseiia 

The  effect  of  the  stimulus  of  light  on  the  retina  is  perceived  by  the 
brain  a^  a  visual  sensation.  The  process  or  processes  by  which  the 
ether-wave  disturbance  causes  this  visual  impulse  is  still  very  obscure. 
As  a  matter  of  fact  the  whole  of  the  field  of  photo-chemicaJ  action  is 
still  in  its  infancy.  The  process  of  making  an  ordinary  negative  by 
exposing  a  dry  plate  in  a  camera  to  light  and  the  manner  of  developing 
and  fixing  such  a  plate  are  mechanically  easy  of  accomplishment.  But 
ever  since  the  discovery  that  an  invisible  light  effect  could  be  developed 
into  a  strong  image  by  the  application  of  suitable  reducing  agents,  the 
constitution  of  the  invisible  or  so-called  latent  image  has  been  the 
subject  of  study  and  controversy  and  no  wholly  satisfactory  explanation 
of  the  effects  of  radiation  upon  silver  salts  has  been  presented. 

The  process  by  which  the  ether  disturbance  causes  a  visual  impulse 
may  be  ascribed  to  a,  chemical  action,  6,  molecular  strain  and  c, 
electrical  action. 

According  to  the  chemical  theory  it  is  presumed  that  certain  visual 
substances  (or  possibly  substance)  in  the  retina  are  affected  by  light  and 
that  vision  originates  from  metabolic  changes  produced  in  these  visual 
substances.  It  is  supposed  that  the  metabolic  changes  consist  of  two 
phases;  the  upward,  constructive  or  anabolic  phase,  and  the  downward, 
destructive  or  katabolic  change.  These  anabolic  and  kataboUc  changes 
in  various  visual  substances  are  supposed  to  produce  the  variations  of 
sensation  of  light  and  color.  This  theory  is  complex.  Numercfus  ob- 
jections have  been  urged  against  its  acceptance;  for  it  is  difficult,  for 
instance,  to  see  how  this  very  rapid  visual  process  can  be  due  to  a  com- 
paratively slow  chemical  action  consisting  of  the  destructive  breaking- 
down  of  the  substance  followed  by  its  renovation.  Support  was  at 
first  furnished  the  chemical  theory  as  it  has  ordinarily  been  understood 
and  presented  by  the  bleaching  action  of  hght  on  the  visual  purple 
present  in  the  retina,  but  it  has  been  discovered  that  the  presence  or 
absence  of  visual  purple  is  not  essential  to  vision  and  that  its  pres- 
ence is  of  only  secondary  importance.    For  it  is  well  known  that  the 
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visual  purple  is  lacking  in  the  fovea  centralis  and  it  is  also  found  to  be 
completely  absent  from  the  retinae  of  many  animals  possessing  keen 
sight.  Edridge-Green  (1)  states  his  belief  as  to  the  nature  of  retinal 
stimulation  in  the  following  words: 

A  ray  of  light  impinging  upon  the  retina  liberates  the  visual  purple  from  the 
rods  and  a  photograph  is  formed.  The  rods  are  concerned  only  with  the  convey- 
ance of  the  light  impulses  to  the  brain.  The  ends  of  the  cones  are  stimulated 
through  the  photo-chemical  decomposition  of  the  visual  purple  by  light,  and  a 
visual  impulse  is  set  up  which  is  conveyed  through  the  optic  nerve  fibres  to  the 
brain.  The  character  of  the  stimulus  and  impulse  differs  according  to  the  wave- 
length of  the  light  causing  it.  In  the  impulse  itself  we  have  the  physiological 
basis  of  the  sensation  of  light  and  in  the  quality  of  the  impulse  the  physiological 
basis  of  the  sensation  of  color. 

The  mechanical  theory  depends,  in  large  measure,  upon  the  theory  of 
resonance  in  connection  with  chemical  action.     It  is  readily  conceivable 
that  a  ray  of  light. can  cause  a  chemical  decomposition  of  a  substance 
in  which  the  rhythmic  excursions  of  an  atom  or  atoms  from,  or  round 
about,  the  center  of  attraction  in  a  molecule  are  in  exact  tune  with  the 
waves  of  light  falling  on  such  atoms.    The  excursions  may  be  so  in- 
creased in  extent  by  the  rhythmic  energy  supplied  by  the  light  waves 
that  the  atoms  will  leave  the  parent  molecules  and  produce  new  mol- 
ecules.    It  is  not  as  easy  to  see  why  the  rhythmic  excursions  of  atoms 
in  the  same  molecule  are  also  increased  to  the  point  of  molecular  rupture 
when  the  wave-motion  of  the  impinging  rays  is  not  in  tune  or  nearly  so. 
But  some  photographic  and  mechanical  examples  help  us  out.    For  if  a 
sensitive  salt,  such  as  silver  chloride,  is  exposed  to  the  action  of  the 
spectrum,  we  can  plot  a  curve  showing  the  sensitiveness  of  this  par- 
ticular salt  to  the  different    spectral   rays.    Such  a  plotted    curve 
shows  a  rise  in  sensitiveness  to  a  maximum  followed  by  a  decUne;  the 
maximum  of  such  curves  shows  the  place  in  the  spectnmi  where  the 
vibrations  composing  the  beam  of  light  are  in  tune  with  the  vibrations 
of  the  chlorine  atom -in  silver  chloride,  for  example,  the  chlorine  being 
that  part  of  the  molecule  which  is  swung  away  and  annexed  to  some 
other  adjacent  molecule.    We  also  have  mechanical  examples  of  the 
effects  produced  by  vibrations  which  are  not  in  time  with,  but  which 
act  upon,  a  vibrating  body.    A  simple  apparatus  consists  of  two  dif- 
ferent pendulums  which  can  act  upon  one  another  through  a  proper 
eoDMnunicating  medium;  such  would  occur,  for  example,  when  the 
penduliuns  are  connected  to  a  taut  piece  of  rubber  tubing  fastened  hori- 
zontally.   When  the  pendulums  are  of  equal  length  and  one  is  started 
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into  motion,  the  second  one  also  begins  to  swing  and,  since  it  is  in  tune, 
the  amplitude  constantly  increases.  But  if  one  pendulum  is  a  little 
longer  or  shorter  than  the  other,  experimentation  shows  that  one  pen- 
dulum causes  the  second  one  to  swing  with  increasing  amplitude  and 
by  degrees  the  two  will  swing  in  opposite  directions;  the  amplitude  of 
the  first  pendulum  will  decrease  and  finally  come  to  rest,  when  the 
motion  starts  over  again  as  at  first.  Thus,  if  the  mechanical  analogy 
is  applicable  here,  it  is  seen  that  if  the  waves  causing  a  ray  of  light  are 
out  of  tune  with  the  vibrations  of  the  atoms  the  amplitude  will  still  be 
increased  and  the  incrjsase  can  be  such  as  to  swing  the  atom  beyond  the 
sphere  of  molecular  attraction  and  so  decompose  the  molecule  but  with 
less  ease  than  when  the  waves  are  in  time.  Houstoun  (2)  has  lately 
attempted  another  explanation  of  color  theory  on  the  basis  of  the  via- 
bility curve  of  the  eye.  He  believes  that  the  visibility  curve  is  ex- 
plicable on  the  supposition  that  there  exists  in  the  eye  a  very  large 
number  of  vibrators  with  a  free  period  in  the  green  and  that  these 
execute  forced  vibrations  under  the  influence  of  the  light  wave,  and  that 
the  amplitude  of  the  forced  vibration  is  a  maximum  when  the  free 
period  of  the  vibrators  coincides  with  the  period  of  the  incident  light. 
When  the  energy  of  the  vibrator  reaches  a  critical  value,  the  force 
attaching  the  vibrator  to  its  center  snaps,  the  latter  then  ceases  to 
absorb  light  energy  and  a  chemical  change  takes  place. 

We  have  written  of  the  resonance  theory  as  a  correlation  and  inter- 
action between  radiant  energy  and  the  atom  of  the  molecule  and  have 
thus  followed  and  outlined  the  theory  as  it  is  generally  presented. 
However,  in  the  light  of  modem  physics,  we  should  presmnably  have 
written  of  resonance  and  electrons.  In  fact,  the  essential  points  in 
the  mechanical  theory  of  retinal  stimulation  as  consisting  of  resonance 
effects  coupled  with  chemical  action  fit  in  with  many  of  the  physical 
phenomena  known  as  phoUhdectric  actions.  This  term  includes  phe- 
nomena due  to  the  action  of  light  in  liberating  negative  electrons  from 
various  metallic  substances.  It  is  known,  for  example,  that  there  is  a 
considerable  influence  of  the  wave-length  or  frequency  of  the  light 
upon  the  number  of  electrons  omitted  and  that  ciures  plotted  between 
frequency  and  rates  of  "leak"  of  negative  electricity  from  metals  such 
as  sodiiun,  potassium  and  rubidium  show  maximum  or  resonance 
effects.  Likewise,  salts  which  undergo  decomposition  in  the  light, 
such  as  silver  chloride,  are  strongly  photo-electric.  We  are,  therefore, 
presumably  dealing  imder  the  tenets  presented  to  us  in  this  theory 
with  the  expulsion  of  electrons  due  to  resonance;  the  electrons  are  set  in 
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resonant  vibration  by  the  incident  light  and  acquire  sufficient  velocity 
to  enable  them  to  escape  from  the  atom.  In  the  case  of  photo-electric 
effects  from  metals  it  has  been  possible  to  identify  the  valency  elec- 
trons which  play  the  part  of  chemical  bonds  with  the  photo-electric 
electrons  which  can  be  liberated  by  the  action  of  light.  From  this 
point  of  view  a  photo-electric  change  and  a  photo-chemical  change 
may  be  regarded  as  of  the  same  character,  consisting  essentially  in  the 
displacement  or  separation  of  an  electron  through  the  absorption  of 
energy  from  a  light  wave.  We  may  thus  have  two  kinds  of  photo- 
chemical action.  In  a  primary  or  direct  action  the  same  valency  elec- 
tron which  has  absorbed  the  energy  is  itself  released  from  its  connection 
with  a  strange  atom,  whilst  in  a  secondary  or  indirect  action  the  elec- 
tron which  has  absorbed  the  energy  causes  by  collision  the  separation 
of  an  electron  from  an  atom.  We  may  interpret  some  of  the  results 
obtained  by  Gotch  (3),  (4)  in  the  light  of  these  facts.  From  the  view- 
point of  modem  science  we  may  regard  it  as  fairly  certain  that  the 
first  stage  in  any  photo-chemical  reaction  consists  in  the  separation  of 
n^;ative  electrons  under  the  influence  of  light.  It  is  obvious  that 
absorption  of  light  is  necessary  before  any  change  can  be  brought  about. 
According  to  the  theory  of  Grotthus  (6)  we  may  say  that  "the  action 
of  a  ray  of  light  is  analogous  to  that  of  a  voltaic  cell:"  that  k,  the 
chemical  action  of  light  is  essentially  electrolytic  in  nature. 

These  various  fimdamental  concepts  have  been  presented  for  the 
reason  that  there  are  variouis  data  afforded  by  the  experimental  results 
to  be  discussed  further  on  in  this  paper  which  are  in  accord  with  cer- 
tain of  the  principles  underlying  both  the  chemical  and  mechanical 
theories. 

flenoe  the  electrical  theory  supposes  that  the  visual  impulse  is  the 
concomitant  of  an  electrical  impulse;  that  an  electrical  current  is  gener- 
ated in  the  retiaa  under  the  influence  of  light  and  that  this  is  trans- 
mitted to  the  brain  through  the  optic  nerve.  It  is  an  imdoubted  fact 
that  light  gives  rise  to  retinal  currents  and  that,  on  the  other  hand,  an 
electrical  ciurent  suitably  applied  causes  the  sensation  of  light.  Hohn- 
gren,  Dewar,  M'Kendrick,  Kiihne,  Steiner,  Waller  a^d  others  have 
shown  that  illumination  produces  electric  variation  in  a  freshly  excised 
eye.  The  ciurents  are  very  small  in  value,  hence  a  very  sensitive  and 
suitable  galvanometer  must  be  vised.  Currents  of  injury  or  contact 
differences  of  potential  arise  when  the  galvanometer  terminals  are  con- 
nected to  the  cornea  and  the  cut  end  of  the  nerve  respectively;  these 
may  be  compensated  by  means  of  a  potentiometer  device.    Nor^nally 
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the  current  of  response  is  from  the  nerve  to  the  retina:  hence  these  cur- 
rents have  been  designated  as  positive  when  flowing  from  the  retina  to 
the  cornea. 

GENERAL  EXPERIMENTAL  PROCEDURE 

The  general  experimental  method  adopted  in  investigations  on  the 
retinal  currents  due  to  light  stimuli  is  illustrated  in  figures  1  (a)  and 
1  (b).  Contacts  are  made  with  the  galvanometer,  G,  through  non- 
polarizing  electrodes  with  the  cornea  of  the  enucleated  eye  on  the  one 


Fig.  1  (a).  Detailed  diagram  of  compensating  potential  device 


Fig.  1  (b).  A  satisfactory  ensemble  for  experimental  work 

side  and  at  the  cut  optic  nerve  on  the  other  end.  When  an  excised 
eyeball  is  connected  up  through  non-polarizable  electrodes  in  the 
manner  indicated,  a  current  of  injury  is  found  which  must  be  compen- 
sated for:  one  method  is  diagrammed  in  figure  1  (a).  This  is  not, 
however,  the  best  method  experimentally  in  that  the  eyeball  only  is 
included  rather  than  having  both  eyeball  and  galvanometer  in  the  com- 
pensating system.    A  constant  voltage  cell  may  be  short-circuited 
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through  a  high  resistance,  B,  from  which  any  desired  potential  dififer- 
ence  may  be  tapped  off  and  applied  in  such  a  direction  (by  proper  con- 
nection of  the  terminal  points  of  the  battery  to  the  eyeball)  as  to  bring  the 
galvanometer  reading  back  to  its  initial  zero  point,  thus  compensating 
for  the  effect  known  as  the  current  of  injury.  In  this  manner,  provided 
the  compensating  electromotive  force  demanded  does  not  vary  with 
time,  the  effects  obtained  through  illumination  are  genuine  and  are  not 
complicated  by  injury-effect  currents  or  similar  phenomena. 

The  schematic  arrangement  of  apparatus  used  in  1918  by  Sheard  and 
McPeek  (6)  is  shown  in  figure  1  (b).  The  source  of  light,  S,  was  a  car- 
bon arc,  hand  feed,  supplied  by  an  alternating  current  dynamo,  D, 
The  quartz  lens  system,  Li,  threw  the  Ught  upon  a  slit  and  thence  to  a 
lens,  Lj,  and  a  prism,  P,  carrying  on  one  face  a  grating  replica.  A  con- 
tinuous spectrum  was  formed  upon  a  cardboard  screen  marked  into 
wave-lengths  and  represented  by  B,  F,  G,  JS,  in  figure  1  (b).  The  spec- 
trum projection  apparatus,  which  was  fastened  to  ^  single  supporting 
base,  was  turned  so  as  to  allow  the  eye  to  be  exposed  to  any  desired 
portion  of  the  spectrum. 

All  eyes  used  should  be  freshly  excised,  otherwise  they  will  give  re- 
sponses characteristic  of  what  Waller  (7)  calls  transitional  changes. 
Likewise  these  eyes  must  not  be  kept  for  any  length  of  time  in  Ringer's 
or  similar  solution,  since  they  lose  their  sensitiveness  of  response. 
Great  care  is  needed  to  prevent  mechanical  pressure  or  other  injury 
to  the  eye  to  be  used,  otherwise  responses  which  are  not  characteristic 
of  the  normal  eye  will  exist. 

Various  types  of  galvanometer  may  be  used.  They  must  be 
^cb^mely  sensitive,  however.  Galvanometers  of  the  d'Arsonval  or 
Tliomson  type  should  have  sensibilities  of  the  order  of  10"""  to  10~^® 
ampere.  Gotch  (3),  (4)  used  a  capillary  electrometer  which  recorded 
the  rapid  alternations  of  current  present  in  the  responses  of  the  eye. 
By  this  means  the  responses  obtained  and  effects  produced  in  small 
fractions  of  a  second  may  be  investigated ;  hence  such  a  device  is  particu- 
larly suitable  for  investigating  the  lag  of  response  behind  luminous 
stimulus.  Einthoven  and  Jolly  (8)  made  use  of  a  string  galvanometer, 
which  serves  essentially  the  same  purpose  as  the  capillary  electrometer. 

GENERAL  SURVEY  OP  EXPERIMENTATION  AND  RESEARCH 

Holmgren  (9)  is  accredited  with  the  discovery  that  when  light  is 
allowed  to  fall  upon  the  eye  of  a  frog  which  has  been  kept  in  the  dark 
and  again  when  the  light  is  removed,  there  is  an  increase  in  the  posi* 
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tive  direction  of  the  current  present  during  darkness.  He  found  that 
the  strength  of  these  retinal  currents  is,  within  limits,  proportional 
to  the  intensity  of  the  light;  also,  that  the  onset  and  removal  of  light  is 
attended  with  the  same  electrical  changes  when  the  posterior  half  of 
the  eyeball  only  is  illiuninated. 

Independently  of  Holmgren  and  at  about  the  same  time,  Dewar 
and  M'Kendrick  (10)  made  investigations  upon  the  electrical  changes 
caused  in  retinae  by  light.  The  conclusiong  to  which  they  arrived  are: 
a.  That  the  impact  of  light  on  the  eyes  of  members  of  the  following 
groups  of  animals,  viz.,  mammalia,  aves,  reptilia,  amphibia,  pisces  and 
Crustacea,  produces  a  variation  amounting  to  from  3  to  10  per  cent  of 
the  normal  electromotive  force  existing  between  the  corneal  siuface 
and  the  transverse  section  of  the  nerve;  6,  that  this  electrical  alteration 
may  be  traced  to  the  brain;  c,  that  those  rays  which  we  regard  as  most 
luminous  produce  the  largest  variation;  d,  that  the  alteration  of  the 
electrical  effects  with  varying  Imninous  intensity  seems  to  follow  very 
closely  ratios  given  by  the  psycho-physical  law  of  Fechner;  c,  that  the 
electrical  alteration  is  due  to  the  action  of  light  on  the  retinal  structure 
itself,  as  it  is  independent  of  the  anterior  portion  of  the  eye,  eliminating, 
therefore,  the  natural  supposition  that  the  contraction  of  the  iris  might 
produce  such  a  result;  and  /,  that  it  is  possible  by  experiment  to  dis- 
cover the  physical  expression  of  what  is  usually  called  in  physiological 
terminology,  fatigue. 

Kiihne  and  Steiner  (11)  investigated  chiefly  the  reactions  of  the  iso- 
lated retina.  They  found  that  the  electrical  change  on  lighting  and 
darkening  is  a  complex  one.  The  reaction  is  divisible,  they  "say,  into 
two  parts;  the  first  one,  due  to  the  onset  and  continuance  of  illumina- 
tion, consists  of  a  negative  variation  preceded  by  a  positive;  and  tne 
second,  caused  by  the  disappearance  of  light,  consists  of  a  simple  posi- 
tive variation.  No  current  was  obtained  from  the  posterior  half  of  the 
eyeball  from  which  the  retina  had  been  removed,  the  pigment  layer 
being  left  behind.  Hence  the  pigment  epithelium  possesses  no  electro- 
motive force  or  power  and  the  source  of  the  changes  is  in  the  retina. 

Waller  (7),  whose  brochure  on  The  Signs  of  Ldfe  is  most  fascinating, 
carried  out  a  number  of  important  researches  in  this  field  of  investi- 
gation. A  series  of  photograms  of  responses  to  light  in  the  frog's  retina 
is  given  in  figure  2.  These  maxima  represent  five  normal  responses 
due  to  a  candle  at  2  feet  with  illumination  for  one  minute  and  obscurity 
for  two  minutes  respectively.  The  abscissae  represent  the  time  in 
minutes  and  the  ordinates  the  absolute  electromotive  forces.    These 
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results  indicate  rapid  rises  in  electromotive  force  under  illumination 
together  with  less  rapid  recovery. 

The  main  conclusions  to  which  Waller  (12)  arrived  in  his  work  are: 
a,  A  fresh  normal  eyeball  manifests  a  positive  current  which  gradu- 
ally declines  to  zero  and  becomes  reversed.  By  positive  current  Waller 
refers  to  the  current  of  response  due  to  the  action  of  light  on  the  retina 
which  is  from  the  nerve — that  which  is  not  directly  stimulated  by  light 
— to  the  retina;  that  is,  from  the  less  excited  to  the  more  excited. 
6,  On  exposure  to  light  the  normal  current,  whether  positive  or  negative, 
undergoes  a  positive  variation,    c,  The  magnitude  of  the  response  to 


L    D 

Fig.  2.  A  series  of  responses  with  a  frog's  eyeball.    (After  Waller) 

light  increases  with  the  duration  of  illumination,  d,  The  magnitude 
of  the  response  to  light  increases  with  the  strength  of  illumination. 
6,  Colored  lights  act  in  the  same  direction  and  in  accordance  with  their 
luminosity. 

TIPCAL  RESPONSES.      TRANSIENT  RISES  OF  CURRENT.      LAG  OF  RESPONSE 

A  considerable  portion  of  that  which  is  to  be  presented  in  the  next  few 
paragraphs  is  due  primarily  to  Waller.  The  conclusions  are  rather 
important  and  some  of  them  far-reaching. 

Typical  responses.  Figure  2  shows  that^  during  the  exposure  of  the 
eye  to  light,  there  is  a  current  flowing  from  the  fundus  toward  the  cor- 
nea and,  in  the  case  illustrated,  there  is  developed  a  potential  of  the 
order  of  ttjW  volt.  On  cessation  of  the  light  the  response  falls  oflf 
asympt(Hnatically  to  the  value  of  about  TTriirTr  volt.  It  will  be  noticed 
that  there  is  evidently  not  a  full  recovery  since  there  is  a  constantly 
rising  minimum  value  at  the  end  of  each  2-minute  period  of  darkness. 

Transient  rises  of  current.  Another  phenomenon  observed  by  Kiihne 
and  Steiner  and  verified  by  Waller  is  that,  immediately  on  the  stoppage 
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of  light,  there  is  often  a  sudden  increase  in  retinal  current  Before  the 
usual  recovery  takes  place.  These  are  spoken  of  as  transient  positive 
augmentation  effects.  An  inspection  of  the  results  obtained  shows  that, 
on  illumination,  the  response-curve  rises,  that  continued  illumination 
produces  a  decline,  and  that  on  the  cessation  of  light  there  is  a  transient 
rise  of  current. 

Lag  of  response,  Fluiihermore,  Waller  found  a  considerable  interval 
of  time  between  the  incidence  of  light  and  the  electrical  response;  some- 
times the  delay  at  "make"  of  light  might  be  so  great  as  to  be  measiu*- 
able  with  a  stop-watch.  Several  records  given  by  Waller  show  that 
there  is  a  retinal  delay  at  both  the  beginning  and  at  the  end  of  illu- 
mination of  the  order  of  J  second.  Dewar  and  M'Kendrick  (10).  and 
still  later  Fuchs  (13)  give  a  period  of  latency  as  short  as  jhf  second. 
In  a  later  paragraph  we  shall  consider  the  results  of  Gotch  (3),  (4): 
suflSce  it  to  say  that  he  found  the  delay  in  response  to  be  of  the  order 
of  t\  second,  in  agreement  practically  with  the  results  of  Waller. 
Waller  (7)  writes; 

The  shortest  intervals  I  have  measured  have  been  of  about  i  second,  no  differ- 
ence being  detectable  between  the  make  and  the  break  deflections  in  this  respect. 
These  values  have  been  obtained  from  galvanometer  records  and  are  subject  to  a 
correction  by  reason  of  the  physical  lost-time  of  the  suspended  magnets  and 
mirrors.  With  the  capillary  electrometer,  which  has  no  appreciable  lost-time, 
the  latency  comes  out  at  about  0.15  second — still  a  very  considerable  delay  and 
indicative  of  a  rather  surprising  physiological  inertia  of  the  retinal  organ. 

Three  types  of  response.  Three  types  of  response  to  light  are  differ- 
entiated by  Waller  (7). 

I.  Positive  response  of  the  first  type,  characteristic  of  the  normal 
fresh  uninjured  eyeball. 

II.  Mixed  responses,  characteristic  of  transitional  states  between  I 
and  II. 

III.  Negative  responses  of  the  third  type,  characteristic  of  the  com- 
pressed or  partially  injiu^d  eyeball. 

In  the  first  or  normal  type,  the  response  is  a  positive  one,  proceeding 
quite  rapidly  at  first  to  a  final  "satiu*ation"  value,  similar  to  the  results 
shown  in  figure  2.  In  class  II,  on  the  stimulation  by  light  there  is  an 
initial  positive  response,  followed  by  a  rapid  falling  off  to  decided  nega- 
tive  potential  values,  which  is  in  turn  followed  by  positive  currents 
oi;i  the  cessation  of  light.  In  the  reversed  or  third  type,  the  stimulus 
of  light  gives  an  immediate  negative  electromotive  effect.  Waller  dis- 
covered that  the  principal  factor  in  bringing  about  that  state  of  eyeball 
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in  which  the  response  to  light  is  purely  negative,  is  a  moderate  com- 
pression or  shrinking  by  drying  of  its  retinal  coats.  Gentle  massage 
of  the  eyeball  will  cause  a  gradual  conversion  from  type  I  to  type  11. 
Source  and  character  of  the  electromotive  forces.  Furthermore,  all  the 
experimental  facts  obtained,  viz.,  the  transitional  responses  from  posi- 
tive to  negative,  the  immediate  conversion  from  positive  to  negative  by 
massage,  the  initial  period  of  hesitation  and  the  latency  of  response  at 
"break,"  point  to  the  conclusion  that  the  retina  when  exposed  to  light 
is  the  seat  of  two  contrary  electromotive  changes.  In  commenting  on 
these  eflfects  Waller  (7)  writes: 

I  think  that  anyone  who  has  witnessed  a  great  number  of  experiments  of  this 
character  and  who  has  carefully  inspected  a  large  number  of  records  such  as  those 
figured  above,  will  be  forced  to  the  conclusion  that  the  normal  positive  response 
is  the  algebraic  sum  of  two  opposite  and  almost  synchronous  electromotive  phe- 
nomena, one  giving  a  positive  current  that  over-compensates,  the  other  giving 
negative  current;  the  first  more  labile  than  the  second,  so  that  by  gentle  compres- 
sion it  may,  so  to  say,  be  wiped  out  and  the  second  be  thus  unmasked.  A  careful 
scrutiny  of  the  manner  in  which  the  normal  positive  response  begins  and  ends 
confirms  this  view,  and  at  the  same  time  offers  to  us  a  plausible  explanation  of 
what  has  been  referred  to  as  the  ''parting  bow."  If  during  the  exposure  to  light 
there  is  a  tug-of-war  between  positive  and  negative  current,  with  predominance 
of  the  former,  and  if  at  the  end  of  exposure  both  currents  should  cease,  but  the 
negative  cease  more  rapidly  than  the  positive,  then  we  should  witness  what  actu- 
ally does  happen,  vis.,  a  short  movement  in  the  positive  direction  preceding  the 
return  to  a  state  of  rest.  And  finally,  on  turning  back  to  the  nicer  examination 
of  the  rising  effect  at  the  outset  of  exposure,  we  find  another  sign  of  an  opposition 
between  two  contrary  and  all  but  sjmchronously  developing  currents.  There  is 
often  at  this  point  a  false  latent  period,  or  period  of  hesitation,  perceptible  on 
simple  observation  or,  better  still,  by  means  of  records  where  the  beginning  of  an 
e!({>osure  has  been  mechanically  signaUed,  amounting  to  several  seconds,  and 
intelligible  only  on  the  supposition  that  our  galvanometric  magnet  b,  so  to  say, 
trembling  in  the  balance  between  two  opposite  and  almost  perfectly  congruent 
forces.  .  .  .  All  these  facts — ^viz.,  the  transitional  responses  from  positive 
to  negative,  the  immediate  conversion  from  positive  to  negative  by  compression, 
the  initial  period  of  hesitation,  the  terminal  ''parting  bow" — ^point  to  one  and 
the  same  conclusion,  viz.,  that  the  retina,  when  exposed  to  light,  is  the  seat  of 
two  contrary  electromotive  changes.  And  it  matters  little  whether  you  imagine 
two  single  processes  or  one  double  process  behind  the  movements  of  the 
machinery. 

CaxAse  and  effect.  The  cause/effect  relationship  between  stimulation 
by  light  and  retinal  change  has  been  investigated  by  Hohngren  (9), 
Dewar  and  M'Kendrick  (10)  and  Waller  (12).  Waller  used  a  light  of 
suitable  strength,  varied  on  an  arithmetic  scale  constructed  in  con- 
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f onnity  with  the  law  that  luminosity  varies  inversely  as  the  distance 
squared.  He  found  that  the  curve  showing  the  relationship  between 
the  units  of  excitation  as  abscissae  and  the  voltages  of  response  as 
ordinates  was  concave  to  the  abscissa.  Such  a  relationship  is  in  con- 
formity with  almost  every  series  of  observations  we  are  able  to  carry 
out  on  living  matter.  Muscular  contraction  and  the  negative  variation 
of  a  nerve-ciurent  give  the  same  general  type  of  ciure.  It  is  apparently 
a  general  law  that  the  response  of  living  matter  to  the  excitation 
of  its  environment  increases  by  diminishing  increments,  giving  a 
cause/eflfect  curve  that  is  concave  toward  its  abscissa. 

Effects  of  tetanization.  Waller  (12)  also  investigated  the  effects  and 
after-effects  of  tetanization  upon  the  eyeball  as  well  as  the  influence  of 
tetanization  upon  its  electrical  responses  to  light.  This  gave  rise  to  his 
work  on  so-called  "blaze  currents.'*  Tetanizing  currents  were  produced 
by  a  small  induction  coil,  the  secondary  of  which  was  in  circuit  with  the 
galvanometer  and  eye.  A  marked  increase  in  electrical  response  to 
light  was  foimd  after  tetanization.  This  marked  augmentation  of 
response  as  to  current  may  be  due  to  augmentation  of  voltage  or  of  con- 
ductivity or  to  both  factors.  Waller  believes  that  it  is  due  to  both 
factors,  the  electromotive  force  of  the  response  being  increased  and  the 
resistance  of  the  eyeball  being  decreased.  Marked  effects  not  only 
follow  after  tetanization  but  a  similar  effect  occurs  during  this  procedure. 

Anesthetics  and  retino-motor  effects,  Engelmann  and  Grijns  (14) 
thoroughly  investigated  the  retino-motor  effects  of  anesthetics  upon 
retinal  currents.  It  was  found  that  ordinary  anesthetics — carbon 
dioxide,  ether  and  chloroform — influence  the  electrical  response  of  the 
retina  to  light  as  might  be  expected  from  a  consideration  of  the  physio- 
logical character  and  conditions  of  the  response  and  the  relative  power 
of  the  anesthetic  used.  Using  an  enucleated  eyeball,  the  layer  to  be 
anesthetized  is  comparatively  well  protected  by  the  sclerotic  coat,  and 
the  effects  of  an  anesthetic  vapor  are  obstructed  if  only  because  its 
access  to  the  retina  is  obstructed.  However,  the  characteristic  effects 
of  the  three  anesthetics  are  produced  although  more  slowly  than  in  the 
case  of  an  isolated  nerve.  Carbon  dioxide  gives  diminution  followed 
by  an  augmentation  of  the  response.  Ether  gives  temporary  diminu- 
tion or  abolition  of  the  response,  followed  ordinarily  by  perfect  recovery. 
Chloroform  gives  abolition  of  the  response  and  when  once  this  abolition 
occurs  it  is  usually  final. 

These  effects  as  studied  by  Engelmann  and  Grijns  are  of  interest  in 
two  particulars,  as  pointed  out  by  Waller  (7).    They  indicate  the  pos- 
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able  existence  of  eflferent  fibers  in  that  most  typical  afiferent  nerve,  the 
optic  nerve.  Also  they  afiford  some  answers  as  to  whether  these  electri- 
cal changes  belong  to  altered  pigment  or  retracted  cones  or  both  phe- 
nomena. Engelmann's  observations  indicate  that  the  retraction  of  the 
cones  and  an  electrical  effect  can  be  produced  in  one  eye  by  electrical 
excitation  of  the  peripheral  end  of  its  optic  nerve,  or  of  the  central 
end  of  the  other  optic  nerve. 

LATER  EXPERIMENTATION 

Gotch  (3),  (4)  experimented  with  frogs'  eyes  and  made  use  of  a  capil- 
lary electrometer  which  recorded  the  rapid  alterations  of  current  pres- 
ent in  the  retinal  responses.  In  particular,  he  investigated  the  time 
relations  of  the  photo-electric  changes.  Especially  does  he  refer  to 
the  researches  of  Fuchs  (13)  in  that  the  delay  between  illumination 
and  eyeball  effect  is  of  the  order  of  a  few  thousandths  of  a  second. 
The  method  employed  by  Fuchs,  although  valuable  for  nerve  and 
muscle,  is  singularly  inappropriate  for  the  investigation  of  retinal 
effects.  Fuchs  used  a  sparking  rheotome,  the  period  of  time  of  which 
was  such  as  to  be  of  service  with  muscle  and  nerve  but  far  too  rapid 
for  photo-electric  effects. 

Professor  Gotch  (3)  concludes  in  his  paper  of  1903  that:  1,  The  curves 
show  for  the  first  time  the  character  of  the  time  relations.  These  com- 
prise: a,  a  period  of  delay  before  the  change  due  to  illumination  occurs, 
varying  slightly  with  the  temperature,  but  at  16°C.  lasting  on  an  aver- 
age 0.17  to  0.18  second;  b,  a  period  of  development  lasting  until  from 
0.6  to  0.8  second  with  persistent  illumination,  and  reaching  a  maximum 
varjring  from  0.0004  volt  to  0.001  volt;  c,  a  period  of  subsidence  to  a 
certain  sustained  level;  d,  a  second  period  of  development  when  the 
light  ceases  commencing  0.15  to  0.17  second  after  the  cessation  and 
developing  more  rapidly  than  the  initial  rise  due  to  the  onset  of  light; 
e,  a  period  of  continued  slow  subsidence  of  the  terminal  effect  during 
the  darkness  which  succeeds  the  illimiination.  2,  The  photo-electric 
effect  of  a  flash  of  light  develops  more  slowly  and  attains  a  much 
lower  maximum  than  that  produced  by  sustained  illumination.  3> 
The  effect  of  the  cessation  of  light  is  largely  determined  by  the  duration 
of  the  previous  exposure.  When  the  duration  is  optimum  for  the 
particular  eyeball  employed,  the  effect  produced  by  light  cessation  is 
far  more  pronounced  than  any  change  caused  by  illumination.  4,  The 
favorable  condition  for  obtaining  an  effect  upon  sudden  illumination  is 
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previous  darkness.  5,  The  photo-electric  changes  are  all  of  the  same 
general  type,  giving  rise  to  monophasic  effects  and  appear  to  be  mainly 
if  not  entirely  due  to  processes  occurring  in  the  posterior  part  of  the 
eyeball,  presumably  the  retinal  and  pigmentary  layers.  6,  The  results 
appear  to  indicate  the  localization  of  two  photo-chemical  substances  in 
the  posterior  half  of  the  eyeball,  these  being  a  substance  reacting  to 
light  and  a  substance  reacting  to  darkness.  Each  reaction  is  a  change 
of  the  same  type,  but  the  substances  must  undergo  phases  of  metabolism 
under  conditions  opposite  to  those  which  evoke  the  reaction  effects. 

In  the  second  paper  of  1904  Gotch  (4)  summarizes  his  work  as  follows: 
1,  These  photo-electric  responses  fail  or  become  extremely  feeble  if  the 
eyeball  is  placed  in  the  infra-red  or  ultra-violet  regions  of  the  spec- 
trum. 2,  The  range  of  light  vibrations  within  which  the  frog's  eyeball 
gives  definite  photo-electric  responses  corresponds  very  closely  to  the 
range  of  vision  in  the  case  of  our  own  color  sensations.  3,  All  responses 
are  of  the  same  general  type,  whether  they  are  evoked  by  white  or  by 
colored  light.  4,  An  additional  response  is  obtained  when  the  light  is 
suddenly  replaced  by  darkness;  this  is  of  the  same  fimdamental  type  as 
the  illumination  response.  5,  There  is  no  evidence  of  any  excitatory 
process  except  those  of  the  fimdamental  type.  6,  The  time-relations 
of  the  responses  evoked  by  the  various  colored  lights  and  by  darkness 
are  not  identical.  7,  There  are  four  responses  independent  as  regards 
their  causation:  a,  the  response  to  red  light  characterized  by  a  long 
latency  nearly  yV  second  and  by  its  attaining  a  considerable  maximum 
averaging  about  0.0004  volt;  6,  the  response  to  green  light  character- 
ized by  the  same  short  latency  as  that  foimd  in  the  response  to  white 
light;  it  is  also  characterized  by  its  maximum  averaging  0.0005  volt; 
«,  the  response  to  violet  light  characterized  by  a  latency  longer  than 
that  of  the  green  response  but  distinctly  shorter  than  that  of  the  red; 
it  has  low  intensity,  the  maximiun  reached  averaging  only  0.00024 
volt;  d,  the  response  to  sudden  darkness,  characterized  by  a  remark- 
able constant  latency  of  not  more  than  jV  second.  8,  The  results  appear 
ito  be  in  accordance  with  the  theory  of  Young-Helmholtz  as  modified 
t>y  Maxwell;  in  addition  they  appear  to  indicate  that  the  eye  reacts 
to  sudden  darkness.  9,  Furthermore,  the  latent  period  of  the  photo- 
-electric  reaction  is  in  a  high  degree  dependent  upon  the  intensity  of  the 
stimulus.  With  strong  stimuli  it  is  of  the  order  of  0.01  second,  while 
^ith  very  weak  stimuli  it  may  be  lengthened  to  more  than  2  seconds. 
"These  values  are  in  agreement  with  the  latent  periods  of  light  perception 
in  the  human  eye. 
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Other  important  researches,  in  a  general  way  confirmatory  of  certain 
-of  the  conclusions  previously  arrived  at,  have  been  made  by  Fuchs  (13), 
<leHaas  (15),  Piper  (16),  Ishihara  (17),  Brttcke  and  Garten  (18).  The 
latest  paper  of  which  the  writer  has  any  knowledge  (although  the 
paper  is  not  at  hand  in  preparing  this  article)  is  by  Beidel  (19).  He 
measured  the  photo-electrical  changes  in  the  eye  of  the  lobster  and  f oimd 
<5ontinued  positive  deviation  in  the  light-adapted  eye  and  a  steep  posi- 
tive initial  deviation  with  quick  falling  off  in  the  dark-adapted  eye. 
These  effects  are  in  accordance  with  what  we  should  expect  if  the 
retinal  currents  are  at  all  analogous  to  photo-electric  currents  from 
metal  surfaces  or  the  discharge  of  electrons  from  any  surface.  For  the 
light-adapted  eye  would  have  reached  the  condition  of  slow  change  with 
time  in  which  the  processes  of  ionization  and  recombination  would  be 
comparable.  In  the  case  of  the  dark-adapted  eye,  however,  a  rapid 
decay  of  current  with  time  would  be  expected,  since  the  amount  of 
substance  or  substances  easily  ionizable  would  be  appreciable'  but 
would  be  used  up  very  rapidly. 

Sheard  and  McPeek  (6)  have  investigated  in  some  detail  the  char- 
acter of  the  photo-electric  reactions  to  light  stimuli  of  different  wave- 
lengths as  well  as  to  the  forms  of  the  retinal  current-time  responses 
produced  by  seriatim  exposure  of  light  stimuli  of  different  wave-lengths. 

The  form  of  the  photoelectric  reactions  to  the  initial  light  stimuli  of 
•different  wavelengths,  A  freshly  excised  dog  eye  was  taken  and,  after 
preliminary  arrangements,  was  initially  exposed  to  a  region  of  the 
spectrum  such  that  X5900  (sodium  line)  fell  upon  the  center  of  the 
pupil.  The  total  time  of  exposure  was  4  minutes.  The  plotted  results 
are  shown  in  figure  3.  The  difference  between  the  initial  electromotive 
force  (just  before  exposure,  which  was  zero)  and  the  final  zero  or  reading 
after  4  minutes  is  +10  divisions  or  +0.0016  volt.  The  eye  was  then 
screened  from  the  radiation  but  the  process  apparently  continued  such 
that  in  the  end  the  final  reading  after  6  minutes  of  darkness  was  30  divi- 
sions above  the  initial  zero  or  +0.0048  volt.  The  Unes  drawn  through 
the  Aj  B,  Cj  etc.,  and  the  minimum  points  D,  jB,  H^  etc.,  are  parallel 
and  show  the  gradual  me,  from  the  fiducial  or  arbitrary  balance  point, 
of  the  potenial  difference  under  exposure  to  the  yellow  (sodium  light) 
region  of  the  spectrum.  This  would  indicate  the  constant  growth  of  a 
positive  electromotive  force  independent  of  the  superposed  maximum 
responses. 

In  contradistinction  to  these  results  obtained  with  X5900,  figure  4 
.shows  the 'form  of  responses  and  potential  differences  when  another 
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freshly  excised  eye  was  initially  exposed  for  4j  minutes  to  the  violet 
X4310.  The  color  represented  by  this  wave-length  is  roughly  comple- 
mentary to  that  of  X5900,  the  effects  of  which  have  been  described  in 
conjimction  with  figure  3.  The  maximum  value  of  the  electrical  re- 
sponse to  X4310  (at  center  of  pupil)  taken  at  any  point  during  the  first 
2  or  3  minutes  as  judged  with  respect  to  its  own  minimum  is  practically 
— 0 .  0024  volt.  The  difference  between  the  initial  electromotive  force — 
which  was  zero  under  the  compensating  potential  device — and  the 
final  reading  after  4  minutes'  exposure  was  practically  —0.0024  volt. 
The  eye  was  then  screened  from  radiation  and  the  end  reading  (after  6 
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Fig.  3.  Potential-time  curve  due  to  stimulation  by  X5900 

minutes'  rest)  obtained,  indicating  a  total  difference  between  the  initial 
and  the  end  reading  (over  the  whole  period  of  time)  of  —0.0019  volt. 
This  is  less  than  the  general  indicated  difference,  up  to  3  minutes'  ex- 
posure, of  —0.0024  volt.  However,  the  concluding  portion  (from 
abscissa  180  to  270  seconds)  shows  a  tendency  for  the  contrary  or  oppo- 
site electrical  effect  (?)  to  exert  itself  more  pronouncedly.  The  lines 
drawn  through  the  points  A,  B,  C  and  the  maximum,  electrically  con- 
sidered, points  D,  E  and  F  are  parallel  and  show  a  gradual /oZI  from  the 
arbitrary  balance  starting  point  imder  exposure  to  X4300.  This  would 
indicate  the  growth  of  a  negative  electromotive  force  independent  of  the 
superinduced  fluctuations  giving  rise  to  maxima  and  minima. 
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In  the  cas6  of  exposure  to  X5890  the  fluctuations  of  potential  difference 
are  always  in  such  a  direction  that  the  maxima  indicate  increcLsed  posi- 
tive potentials  at  the  nerve,  with  returns  to  minima  which  are  still  always 
positively  above  the  fiducial  zero.  In  the  case  of  exposure  to  X4310, 
however,  the  fluctuations  of  potential  difference  are  always  in  a  direc- 
tion indicative  of  increased  positive  potentials  at  the  retina,  hence  reversed 
potentials  as  compared  with  the  first  named  set  of  conditions. 

The  forms  of  the  retinal  responses  produced  by  seriatim  exposure  to  light 
siimidi  of  different  wave4engths.  Figures  3  and  4  give  initial  effects  in 
two  different  eyes.    In  figure  5  have  been  plotted  seriatim  the  results 
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Fig.  4.  Potential-time  curve  due  to  stimulation  by  X4310 

obtained  by  exposure  of  the  same  eye  to  X5900,  first,  for  a  period  of  4 
minutes,  a  period  of  6  minutes'  rest,  and  a  second  exposure  to  the  blue- 
violet  X4860,  the  complementary  color  to  X5900,  for  a  period  of  4  min- 
utes. The  same  general  conclusions  are  to  be  drawn  from  the  seriatim 
exposures  as  from  the  individual  exposures  in  separate  eyes.  In  the 
case  of  exposure  to  X5890  there  is  a  maximum  rise  of  electromotive  force 
in  a  positive  direction  of  0.003  volt;  the  difference  between \naxima  and 
minima  in  the  fluctuations  of  potential  is  0.0024  volt  (practically) ;  there 
is  a  steady  rise  in  the  permanent  electromotive  force  during  the  con- 
tinuance of  the  illiunination  amounting  to  about  0.0012  volt.  After 
the  6  minutes'  rest,  the  initial  exposure  to  X4860  produced  but  slight, 
although  decreasing,  potential  effects  during  the  first  25  seconds,  to  be 
immediately  followed  by  an  increased  electromotive  force  in  an  oppos- 
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ing  direction  such  as  to  carry  back  the  positive  potential  established 
under  illumination  by  X5890  toward  the  initial  zero.  The  conflict  of  the 
two  processes  is  very  clearly  indicated  in  the  record  of  the  responses  to 
X4860.  The  curve  as  a  whole  shows  the  establishment  of  a  contrary 
electromotive  force  as  compared  with  that  established  by  X5890;  a 
decided  reaction  to  X4860  at  the  end  of  25  seconds*  exposing  and  the 
gradual  decrease  of  the  positive  potential  difference  established  under 
stimulation  by  X5890. 

Figures  6  and  7  present  in*graphical  form  the  experimental  results 
obtained  when  an  eye  was  exposed  to  luminous  stimuli  of  various  wave- 
lengths seriatim.    The  manner  of  procedure  in  obtaining  these  curves 
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Fig.  5.  Potential-time  curve  due  to  stimulation  by  X5890  for^4  minutes  fol- 
lowed by  stimulation  by  X4860  for  4  minutes. 

was  as  follows:  A  fresh  eye,  an  hour  after  excision,  was  connected  into 
the  galvanometer  circuit  and  the  galvanometer  needle  brought  back  to 
its  original  zero  through  the  agency  of  the  compensating  potential  de- 
vice. The  eye  was  then  exposed  to  a  certain  region  of  spectral  energy 
for  4  minutes  after  which  the  eye  was  again  stimulated  by  luminous 
energy  of  entirely  different  wave-length.  This  process  was  continued 
over  several  such  steps  in  the  case  of  each  eye  investigated.  The  initial 
stimulation  was  obtained  from  entirely  different  spectral  regions  in  the 
four  curves  presented  in  figures  6  and  7  These  curves  are  plotted 
with  the  abscissae  indicating  the  region  of  light  stimulation:  the  ordi- 
nates  represent  the  change  in  potential  as  registered  by  the  galvanometer 
at  the  end  of  each  cycle,  namely  the  4  minutes  of  exposure  and  the  6 
minutes  of  rest.  The  order  of  stimulation,  and  regions  used  therefor 
are  indicated  by  the  serial  numbers  /,  ^,  etc.,  or  by  letters  a,  6,  c.    In 
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Fig.  6.  Summamed  results  of  the  potential  effects  of  seriatim  exposures  to 
various  wave-lengths. 


WaveleivflftK 

Fig.  7.  Summarized  results  of  the  potential  effects  of  seriatim  exposures  to 
various  wave-lengths. 
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curve  /,  figure  6,  for  example,  the  eye  was  stimulated  by  light  of  aver- 
age (i.  e.,  striking  the  center  of  the  pupil)  wave-length  X5890  (sodium 
yellow).  The  potential  after  4  minutes*  exposure  and  6  minutes'  rest 
had  risen  to  0.0049  volt  as  indicated  at  the  point  marked  1.  The  eye 
was  then  stimulated  by  X4860  for  the  same  length  of  time  and  occluded, 
when  the  potential  was  foimd  to  have  dropped  down  from  0.0048  to 
zero.  Exposure  to  X5300  reversed  the  potential  and  gave  —0.007  volt; 
X4350  carried  the  final  reading  to  —0.0028  volt;  stimulation  by  X6500 
reduced  the  potential  to  0.0016  volt  or  carried  it  back  toward  the 
initial  zero  point;  X5500  increased  the  negative  potential  and  X4800 
carried  it  to  —0.0038  volt,  at  which  point  the  experimentation  was 
discontinued.  In  curve  //  of  this  figure,  the  initial  stimulus  was  fiu*- 
nished  by  X5250  (green)  and  ultimately  gave  a  negative  potential  increase 
of  —0.0016  volt  indicated  by  the  point  a.  Exposure  to  X6563  (red) 
reversed  the  potential  and  gave  a  final  value  of  0.00032  volt;  X4860 
reversed  it  and  carried  it  back  to  —0.0024  volt  and  so  on.  The  points 
marked  d  and  e  were  dual  exposures  to  X6000  and  indicate  that  the 
second  exposure  to  the  same  wave-length  produced  no  further  changes 
in  potential.  In  fact  the  galvanometer  needle  remained  practically 
quiescent  during  the  whole  of  the  second  stimulation  by  X6000. 

It  is  of  interest  to  note  that  in  curve  /  X4860  (point  2)  is  practically 
the  complement  of  X5900  (point  1)  and  in  curve  //  X5250  (point  a),  the 
complement  of  X6563  (point  6),  and  that  in  each  of  these  cases  the 
potential  effects  due  to  one  are  practically  reversed  and  annulled  by 
those  due  to  the  second  member  mentioned.  The  maximum  potential 
effects  were  +0.0049  volt  for  X5890  and  -0.0016  volt  for  X5250. 

Curves  ///  and  IV  of  figure  7  are  self-explanatory  in  view  of  the 
discussion  in  connection  with  figure  6. 

We  conclude,  therefore,  from  these  and  other  similar  sets  of  curves 
obtained,  that  there  is  evidence  of  two  processes  operating  in  the  pro- 
duction of  retinal  electrical  potentials  and  that,  in  general,  the  shorter 
wave-lengths  of  light  stimulate  the  production  of  negative  potentials 
(from  retina  to  nerve)  while  the  longer  wave-lengths  produce  positive 
potentials  (from  nerve  to  retina). 

Complementary  colors  and  antagonistic  influences.  In  considering  his 
remarks  upon  his  researches,  Gotch  (4)  writes: 

If  it  is  permitted  to  associate  these  results  with  the  well-known  theories  of 
colour  vision,  then  it  is  evident  that  the  Young-Helmholtz  theory  which  assumes 
three  primary  colour  reacting  substances,  red,  green,  violet,  is  in  remarkable 
accordance  with  the  data  just  put  forward.    In  one  respect  only  are  the  photo- 
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electric  responses  not  in  accord  with  that  theory,  for  although  the  responses 
appear  to  show  that  there  is  a  substance  capable  of  being  stimulated  by  darkness 
there  is  no  fourth  reacting  substance  postulated  in  the  theory.  On  the  other 
hand  this  is  the  only  fact  which  is  in  any  sense  applicable  to  the  rival  theory 
advanced  by  Bering  and  even  this  is  not  in  accordance  with  the  assumption  of 
Bering  that  the  sensation  of  black,  although  caused  by  stimulation,  is  brought 
about  by  a  change  of  opposite  chemical  type  to  that  produced  by  white.  The 
photo-electric  responses,  being  all  of  the  same  fundamental  type,  are  not  in  har- 
mony with  the  assumption  that  there  are  three  reacting  substances,  a  red-green 
one,  a  blue-yellow  one,  and  a  white-black  one,  and  that  the  process  is  of  oppo- 
site sign  (association  or  dissociation)  in  each  member,  a  process  of  one  sign  occur- 
ring with  red,  blue  or  whit«,  whilst  that  of  the  opposite  sign  occurs  with  green, 
yellow  or  black. 

In  his  first  paper  Gotch  (3)  concludes  that  the  results  appear  to  indi- 
cate the  localization  of  two  photo-chemical  substances  in  the  posterior 
half  of  the  eyeball,  these  being  a  substance  reacting  to  light  and  a  sub- 
stance reacting  to  darkness.  Each  reaction,  he  says,  is  a  change  of  the 
same  type  but  for  the  change  to  occur  the  eye  must  be  previously 
adapted,  i.e.,  the  substances  must  undergo  phases  of  metabolism  under 
conditions  opposite  to  those  which  evoke  the  reaction  effects. 

Waller  (7)  writes: 

We  may  see  whether  or  no  complementary  colours  have  opposite  electrical 
effects,  and  whether  the  excessive  action  of  a  given  colour  favours  or  disfavours 
the  action  of  its  complementary.  .  .  .  The  effects  of  all  sorts  of  colours  were 
of  the  same  sign.  The  joint  effect  of  two  complementary  colours  was  practically 
the  sum  of  their  separate  effects.  And  the  prolonged  excessive  action  of  a  given 
colour  fatigued  the  retina  to  that  colour  just  as  much  or  as  little  as  to  the  com- 
plementary colour.  All  colours,  in  fact,  as  regards  the  electrical  response  they 
elicit  from  the  retina,  give  that  response  of  the  same  sign  and  seem  to  act  in  the 
same  direction,  more  or  less  powerfully  according  as  they  are  more  or  less 
luminous. 

Thus,  e.g.,  in  a  given  series  of  trials,  the  responses  had  the  following 
relative  magnitudes: 

Red 4 

Yellow 16 

(White) 33 

Green 12 

Blue 9 

Furthermore,  all  the  experimental  facts  obtained — viz.,  the  transi- 
tional responses  from  positive  to  negative,  the  immediate  conversion 
from  positive  to  negative  by  compression,  the  initial  period  of  hesita- 
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tion — point  to  the  conclusion  that  the  retina,  when  exposed  to  light,  is 
the  seat  of  two  contrary  electromotive  changes.    And  Waller  says: — 

It  matters  little  whether  you  imagine  two  single  processes  or  one  double 

process   behind   the   movements    of    the   machinery We    are   all 

acquainted  with  Bering's  theory  of  colour-vision  setting  forth  that  contrary  pro- 
cesses of  dissimilation  and  assimilation  are  aroused  by  complementary  colours. 
.  .  .  .  And  whether  or  no  we  happen  to  believe  that,  e.g.,  a  red  light  is  kata- 
bolic  and  a  green  light  anabolic,  we  assuredly  do  believe  in  what  has  been  termed 
by  Bernard  the  axiom  of  general  physiology — that  katabolic  analysis  and  ana- 
bolic synthesis  are  inconceivable  apart  from  each  other.  I  think  that  we  should 
not  hastily  admit  that  our  double  electrical  change  is  presenting  us  to  another 
aspect  of  a  familiar  if  somewhat  nebulous  colour-theory:  I  think  we  have  no 
groimd  for  assuming  that  our  conclusions  mean  anything  more  than  the  old 
axiom  behind  a  new  face.  A  process  necessitates  the  anti-process,  and  if  the  pro- 
cess is  attended  by  an  electrical  change  of  given  sign,  we  may  expect  that  the 
anti-process  will  entail  an  electrical  change  of  opposite  sign.  The  chemical 
changes  taking  place  in  living  matter  are  in  general  reversible  changes. 
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Fig.  8.  Potential  effects  due  to  previous  stimulation  by  X4300  followed  by 
stimulation  with  X5890  and  X5370. 

Sheard  and  McPeek  (6)  in  two  instances  investigated  the  effects  of 
luminous  energy  of  a  wave-length  approximately  complementary  to  the 
spectral  region  last  used  to  stimulate  the  eye,  under  the  condition  that 
the  eye  had  been  imder  experimental  use  for  some  time  and  reached 
the  stage  when  the  responses  to  stimulation  were  of  a  minor  character 
and  did  not  show  the  pronounced  and  rapid  changes  of  potential  indi- 
cated in  the  initial  stages  of  experimentation — such,  for  example,  as 
diagranmied  in  figures  3  and  4.  The  history  of  the  eye  from  which 
figure  8  was  obtained  is  as  follows:  a,  initial  stimulation  X6900;  6,  X4860;: 
c,  X6563;  d,  X5000;  c,  X4300,  involving  a  total  time  of  46  minutes. 
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Immediately  previous  to  the  obtaining  of  this  curve  the  eye  had  been 
exposed  to  X4300  for  4  minutes.  After  a  period  of  6  minutes  in  dark- 
ness it  was  exposed  to  X5890  (sodium  light)  for  2^  minutes.  Upon 
"ironing  out"  the  irregularities,  the  potential-time  curve  has  the  form 
of  the  heavy  line  A-B-C-D-E.  At  the  point  E  (after  2.5  minutes) 
the  eye  was  stimulated  with  X5370  (green)  and  the  general  rise  of  the 
potential  positively  (i.e.,  from  nerve  to  retina)  is  indicated  by  the 
portion  of  the  curve  E  F,  with  a  maximum  electromotive  force  of 
+0.0220  volt.  The  results  of  this  experimentation  indicate  quite 
clearly  that  X5376  is  more  nearly  the  complement  of  X4300  than  is 
X5890  and  that  X5370  produced  a  decided  change  in  potential  and  in 
the  reverse  direction  as  compared  with  the  immediately  preceding 
stimulant,  X4300. 
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Fig.  9.  Potential  effects  due  to  previous  stimulation  with  X5890  followed  by 
its  complementary,  X4860. 

Figure  9  gives  a  set  of  conditions  somewhat  the  opposite  of  those 
shown  in  figure  8.  After  five  exposures  to  various  portions  of  spectral 
illumination  in  the  manner  detailed  in  connection  with  the  discussion  of 
figure  8,  the  eyeball  was  exposed  for  4  minutes  to  X5890.  The  further 
excitation  under  X4300  produced  but  slight  effect  whereas,  when  the 
pupil  was  illuminated  with  X4860,  the  increase  of  negative  potential 
(i.e.,  from  retina  to  nerve)  is  decisively  indicated  in  the  plotted 
results.  Hence  X4860,  the  complementary  color  to  X5890,  produced  a 
decided  change  in  potential  and  in  the  reverse  direction  as  compared 
with  the  immediately  preceding  stimulant. 

These  facts  are  further  substantiated  in  a  general  way  by  the  results 
shown  in  figure  5,  in  which  a  stimulation  by  X5890  is  immediately  fol- 
lowed by  its  complementary  color,  X4860. 
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ANALOGIES   BETWEEN   BETINAL  RESPONSES   AND   SENSITIVE    CELLS 

These  retinal  current  effects  can  be  imitated  and  their  counterparts 
observed  in  non-organic  substances.  Considerable  work  on  this  sub- 
ject has  been  done  by  Bose  (20).  He  took,  for  instance,  a  rod  of  silver 
which  he  beat  out  into  the  form  of  a  hollow  cup  and  sensitized  the 
inside  of  this  cup  with  bromine  vapor.  The  cup  was  filled  with  water 
and  connected  through  a  galvanometer  by  non-polarizable  electrodes. 
A  current  arose  due  to  differences  between  the  inner  and  outer  sur- 
faces of  the  cup;  this  was  balanced  by  a  compensating  electromotive 
force.  This  gave  an  arrangement  somewhat  resembling  the  eye,  with 
a  sensitive  layer  corresponding  to  the  retina  and  a  less  sensitive  rod 
corresponding  to  the  conducting  nerve-stump.  The  apparatus,  being 
enclosed  inside  a  black  box,  was  illuminated  through  an  aperture  at  the 
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Fig.  10.  A  series  of  responses  from  a  sensitized  silver  surface.    (After  Bose) 

top;  on  exposing  the  sensitive  surface  to  light  the  balance  was  at  once 
destroyed  and  a  responsive  current  of  positive  character  produced. 
Upon  cessation  of  light  there  was  a  fairly  quick,  recovery.  It  is  of 
interest  to  compare  the  response  and  recovery  curves  of  the  frog's 
retina  as  obtained  by  Waller  and  given  in  figure  2  with  similar  phe- 
nomena obtained  by  Bose  (20)  with  his  sensitized  silver  cell  or  other 
inorganic  medium  giving  photo-electric  phenomena.  A  sample  set  of 
data  is  plotted  in  figure  10.  Waller  (7)  found  the  staircase  increase 
which  we  have  described  elsewhere;  in  the  record  of  the  silver  cell  given 
in  figure  10  this  effect  is  seen  at  the  beginning.  At  times  in  retinal 
responses  there  is  an  occasional  slight  increase  of  response  immediately 
on  the  cessation  of  light  after  which  there  is  the  final  recovery.  Such  an 
effect  is  occasionally  encountered  in  the  responses  of  the  silver  cell.  In 
the  responses  of  the  retina  it  is  found  that  increasing  the  intensity  of 
light  produces  an  increasing  effect  but  the  rate  of  increase  is  not  uniform  : 
the  relation  between  stimulus  and  response  is  concave  to  the  axis  which 
represents  the  stimulus.    This  particular  relation  between  stimulus 
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and  effect  is  also  exhibited  in  a  remarkable  manner  by  the  sensitive  cell. 
In  r^sum^  Bose  (20,  p.  167)  writes: 

So  we  see  that  the  response  of  the  sensitive  inorganic  cell  to  the  stimulus  of 
light  is  in  every  way  similar  to  that  of  the  retina.  In  both  we  have,  under  normal 
conditions,  a  positive  variation;  in  both  the  intensity  of  response  up  to  a  certain 
limit  increases  with  the  duration  of  illumination;  it  is  affected,  in  both  alike,  by 
temperature;  in  both  there  is  comparatively  little  fatigue;  the  increase  of  response 
with  intensity  of  stimulus  is  similar  in  both;  and  finally,  even  in  abnormalities 
such  as  reversal  of  response,  preliminary  negative  twitch  on  commencement,  and 
terminal,  positive  twitch  on  cessation  of  illumination  and  decline  and  reversal 
under  continued  action  of  light,  parallel  effects  are  noticed. 

CONCLUDING  REMARKS 

The  action  of  luminous  stimulation  upon  the  retina  must  lie  without 
doubt  in  the  ionization  processes  set  up  on  the  visual  receptor  cells. 
What  these  processes  are  or  what  the  nature  of  the  changes  produced  is 
still  an  enigma.  However,  ionization  involves  a  dissociation  into  posi- 
tively and  negatively  charged  atoms  and  electrons.  A  stimulation  by 
light  must,  therefore,  set  up  a  certain  process  of  ionization  whereby  the 
positive  ions  may  be  thought  of  as  moving  in  general  in  one  direction 
and  the  negative  atoms  (if  such  exist)  and  electrons  as  moving  in  oppo- 
site directions.  Photo-electric  activities  of  metals,  such  as  sodium, 
show  a  discharge  of  negative  electrons  imder  the  action  of  light,  the 
rate  of  discharge  depending  upon  the  metal  and  the  character  of  the 
iUumiiiation.  However,  we  need  not  think  of  motion  of  both  sets  of 
ions  but  of  one  only,  for  example,  the  electrons,  and  that  membranes 
and  tissues  are  more  permeable  to  one  than  to  the  other  of  the  ionized 
products.  We  may  suppose  that  substances  which  in  the  absence  of 
light  are  ionized  to  a  degree  dependent  upon  the  equilibrium  constant 
of  the  reversible  dissociation  action.  The  introduction  of  light  into  the 
S3r8tem  alters  the  value  of  this  constant  by  increasing  the  rate  of  the 
dissociating  change  without  affecting  that  of  re-association.  It  seems 
not  improbable,  therefore,  that  the  passage  of  one  set  of  charged  par- 
ticles out  of  the  receptor  cells  along  the  nerve  trunks  will  thereby 
increase  the  potential  difference  between  retina  and  nerve  and  cause  a 
bmlding  up  of  a  surplus  of  the  second  kind  or  set  of  charged  products 
of  the  ionization  process  which,  by  accumulation,  will  inhibit  and  in 
large  measure  sweep  out  the  oppositely  charged  products  of  dissociation 
when  the  concentration  becomes  suflScient. 
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We  know  that  when  one  end  of  a  wire  is  placed  in  contact  with  the  cut 
end  of  a  nerve  and  the  other  is  touched  to  the  uninjured  nerve  sheath,  a 
current  flows  from  the  sheath  to  the  cut  portion.  Hence  the  former  is 
positive  with  respect  to  the  latter.  The  Nemst-Lillie  theory  explains 
this  by  supposing  the  nerve  tissues  to  contain  an  ionizable  substance 
(or  substances)  the  positive  components  of  which  diffuse  through  the 
sheath  more  readily  than  the  negative.  The  sheath  has,  therefore,  a 
differential  permeability  with  respect  to  ions.  When  the  cut  end  of  the 
optic  nerve  is  connected  by  a  wire  to  the  retina  we  find  the  retina  to  be 
more  negative  than  the  nerve  end  under  certain  conditions  and  vice 
versa  under  other  conditions  of  stimulation.  We  must,  therefore,  it 
seems  to  us,  postulate  the  existence  of  at  least  two  ionizable  substances 
in  the  receptor  cells.  One  of  these  substances  must  give  maximum 
ionization  effects  under  yellow,  for  example,  and  the  other  similar 
effects  under  blue-violet  stimulation.  For  one  of  the  substances  the 
negative  ions  of  the  receptor  cells  diffuse  more  readily  than  do  the  posi- 
tive ones,  while  the  reverse  is  true  for  the  second  substance. 

Troland  (21),  independently  of  Nernst,  makes  the  following  definite 
assumptions  concerning  the  mechanism  of  the  visual  impulse. 

(1)  The  visual  impube  consists  in  the  actual  propagation  of  the  positive  ion 
I-|.,  from  the  rod  and  cone  cells  along  the  optic  nerve  and  tract  to  the  cerebellum 
(especially  to  the  neurons  of  the  cuneus  in  the  cerebral  cortex).  (2)  This  propa- 
gation takes  place  with  the  speed  of  the  visual  impulse  and  occurs  within  the 
neuro-fibrib  which  are  thought  of  as  molecular  tubes  within  which  it  is  possible  for 
even  single  ions  to  travel  without  encountering  great  resistance.  •  (3)  The  man- 
ner in  which  an  individual  ion  may  be  imagined  to  be  propagated  is  as  follows : 
The  non-fibular  portion  of  the  nerve  fiber  b  made  up  of  a  mixture  of  substances, 
certain  of  which  are  ionized  and  others  of  Y^hich  are  capable  of  constituting  an 
osmotic  membrane  which  is  normally  equally  permeable  to  positive  and  nega- 
tive ions.  However,  when  a  positive  ion  comes  into  contact  with  one  of  the 
neuro-fibrib  the  surrounding  neural  substance  acquires  a  slight  differential 
permeability,  so  that  the  negative  ions  are  capable  of  moving  Within  it  more 
readily  than  are  the  positive  ions.  This  being  the  case,  the  loss  of  negative  ions 
into  the  surrounding  tissues — say  into  the  myelin  sheath  when  thb  is  present — 
results  in  the  development  of  a  positive  charge  within  the  core.  The  original  posi- 
tive ion  thus  finds  itself  placed  within  the  influence  of  a  positive  field.  Since  this 
is  a  state  of  disequilibrium,  if  the  ion  is  free  to  move-^and  if,  as  will  be  the  case, 
its  charge  is  much  smaller  than  that  produced  in  the  nerve — it  will  travel  in  one 
direction  or  the  other  along  the  neuro-fibril.  If  we  suppose  the  ion  to  have  had 
,an  original  impetus  in  the  afferent  direction,  it  will  move  in  this  sense.  The 
resulting  process  b  obvious.  As  soon  as  the  ion  has  moved  into  a  new  region 
of  the  nerve  fibril  the  permeability  of  the  neural  substances  about  it  for  nega- 
tive ions  will  be  altered  as  before,  a  new  state  of  disequilibriiun  will  be  produced 
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and  the  procesa  will  be  repeated^  the  ion  moving  continuously  in  one  direction 
within  the  fibril. 

The  general  nature  of  the  visual  cerebrosis,  C,  follows  at  once  from  the 
account  of  the  mechanism  of  the  impulse.  The  cerebral  state  correspond" 
ing  with  any  condition  of  retinal  stimulation  consists  simply  in  the  pres- 
ence  in  the  cerebral  cells  of  the  specific  ions  which  are  liberated  in  the  retina 
by  the  action  of  the  light. 

In  a  recent  article  by  Dr.  H.  S.  Allen  (22)  we  read: 

It  is  hardly  necessary  to  assume  with  Helmholtz  that  there  are  three  different 
sets  of  nerves  having  terminations  in  different  parts  of  the  retina.  It  is  frequently 
assumed  that  when  radiation  falls  upon  the  eye  photo-chemical  changes  take  place 
in  certain  substances  in  the  retina,  and  we  might  imagine  that  there  were  three 
different  chemical  substances  corresponding  to  the  three  primary  colour  sensa- 
tions. But  in  my  opinion  it  is  unnecessary  to  assume  that  a  photo-chemical 
change  is  the  cause  of  the  visual  sensation.  It  appears  to  me  sufficient  to  sup- 
pose that  photo-electric  action  takes  place  in  the  chemical  substance,  or,  it  may 
be,  substances,  contained  in  the  rods  or  cones,  so  that  we  have  a  separation  of 
electrons  resulting  in  electrification  of  the  nerve  cells  which  set  up  the  nervous 
impulse  to  the  sensorium.  If  this  view  is  correct,  the  changes  in  the  retina  are 
identical  with  those  which  take  place  in  a  phosphorescent  substance  or  with  those 
which  take  place  in  the  formation  of  a  latent  image  on  the  photographic  plate. 
After-images  which  are  seen  in  the  dark  after  viewing  a  brightly  illuminated 
object  are  analogous  to  phosphorescence,  and  we  may  suppose  that  the  excita- 
tion of  the  retina  is  due  to  the  separation  of  electrons,  while  the  after-image  is 
due  to  their  return.  This  view  is  supported  by  certain  facts  which  are  very 
familiar.  First  we  know  that  the  sensation  of  sight  can  be  produced  by  an  elec- 
trical stimulus;  also  it  can  be  produced  by  sudden  pressure.  I  have  already 
referred  to  the  fact  that  phosphorescence  can  be  produced  in  both  these  ways. 
And  in  both  cases  we  have  obviously,  I  think,  an  electrical  effect  which  may  be 
interpreted  as  a  separation  of  electrons;  also  it  is  said  to  be  the  case  that  the 
darkness-adapted  eye  is  susceptible  to  Rontgen  radiations.  There,  again,  you 
have  in  all  probability  a  process  of  ionization  set  up  by  the  rays.  I  might  also 
mention  the  fact  that  the  peaked  curve  which  shows  the  relation  between  the 
sensitiveness  of  the  light  of  different  wave-lengths  be&rs  a  very  close  resemblance 
to  the  curve  which  shows  the  variation  of  photo-electric  activity  with 
wave-length. 

On  the  Other  hand,  Dr.  W.  W.  Coblentz  (23)  of  the  Bureau  of  Stand- 
ards writing  on  PhoUhEledric  Cells  and  the  EyCj  concludes  that  ''In 
the  writer's  opinion,  evidence  is  not  suflScient  to  conclude  that  there  is  a 
connection  between  the  phenomena  of  color  perception  and  brightness 
and  the  phenomena  of  photo-electric  sensitivity  of  inanimate  material" 
and  that  "Considered  as  a  whole,  the  phenomenon  of  spectro-photo- 
electric  sensitivity  in  solids  is  only  vaguely,  if  at  all,  similar  to  the 
visual  response." 
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POINTS  OF  GENERAL  AGREEBCENT 

From  these  researches  one  may  gather  the  following,  which  are  quite 
generally  veriiSed: 

1.  That  positive  retinal  currents  are  manifested  and  positive  electro- 
motive forces  established  when  an  eye  is  illuminated  by  light. 

2.  That  the  source  of  these  electrical  changes  lies  in  the  retinal 
structm'e  or  in  the  posterior  part  of  the  eyeball. 

3.  That  luminous  stimuli  of  different  wave-lengths — from  red  to 
violet — give  initially  positive  retinal  currents.  Hence  all  responses  are 
of  the  same  general  type,  and  act  in  accordance  with  their  luminosity. 

4.  That  the  stimulus-response  relation  is  such  that  the  curve  repre- 
senting it  is  concave  to  the  axis  representing  the  stimulus. 

5.  That  fatugue  is  less  pronounced  in  the  case  of  the  retina  than  in 
that  of  muscle. 

6.  That  the  time-relations  of  the  responses  or  periods  of  latency  after 
application  of  stimuli  are  of  the  order  of  A  to  ^  a  second. 

7.  That  there  is  a  characteristic  response  to  darkness  as  well  as  to 
light  stimulation. 

8.  That  the  range  of  light  vibrations  under  which  animals'  (frogs 
quite  largely)  eyeballs  give  definite  photo-electric  responses  corresponds 
very  closely  to  the  range  of  vision  of  our  own  color  sensations. 

9.  That  photo-electric  effects  with  sensitive  cells  may  be  obtained 
which  are  wholly  analogous  to  phenomena  obtained  with  eyeballs. 

10.  That  experimental  results  point  to  the  localization  of  two  photo- 
electrical substances  in  the  posterior  half  of  the  eyeball  or  that  the 
retina  is  the  seat  of  a  double  electrical  movement  which  may  consist  of 
duplex  changes  in  one  substance  or  of  two  changes  in  two  different 
components  or  substances. 
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EVIDENCE  OF  FUNCTIONAL  ACTIVITY  ON  THE  PART  OF 
THE  CAPILLARIES  AND  VENULES 

D.  R.  HOOKER 
From  the  Physiological  Laboratory  of  Johns  Hopkins  University 

Although  studies  of  capillary  contractility  extend  back  for  a  period 
of  fifty  years  almost  to  the  time  of  the  discovery  of  vasomotor  nerves, 
and  although  the  profoimd  significance  of  the  blood  stream  in  the 
capillary  areas  for  tissue  nutrition  was  recognized  at  an  even  earlier 
period,  capillary  function  is  given  scant  if  any  consideration  in  discus- 
sion of  vascular  reactions  today.  The  simple  hjrpothesis  of  vascular 
control  by  means  of  functional  activity  on  the  part  of  the  arterioles 
has  been  adequate  to  explain  experimental  results.  Yet  in  recent 
years  a  considerable  amoimt  of  evidence  has  been  collected  which  goes 
to  show  that  this  conception  is  inadequate.  First  it  developed  that 
the  venous  bed  may  participate  independently  of  the  arterial  fimction, 
and  more  recently  it  appears  that  the  capillary  area  likewise  plays  a 
significant  rdle  in  these  reactions.  This  evidence  has  not  as  yet  been 
assimilated  to  the  point  of  modifying  the  older  hypotheses.  Indeed 
it  constitutes  little  more  than  groimd  work:  nevertheless,  when  gathered 
together,  it  presents  a  mass  of  data  which  cannot  well  be  neglected. 
Basing  deductions  upon  this  newer  evidence,  we  may  well  expect  the 
future  to  rapidly  broaden  our  conceptions  of  vascular  phenomena 
including  therein  not  only  reactions  of  the  muscular  arteries  but  likewise 
reactions  of  the  thin-walled  veins  and  endothehal  capillaries  and  venules. 

When  we  realize  that  current  hypotheses  are  the  slow  outgrowth  of 
seventy  years  of  study  which  started  with  the  epochal  demonstration 
of  vasomotor  nerves  by  Claude  Bernard  in  1851,  it  will  not  surprise 
us,  even  in  an  era  of  quick  advance,  if  some  time  is  required  to  root 
this  newer  work.  At  the  present  time  it  is  constituted  of  isolated  efforts 
to  demonstrate  independence  of  fimction  by  capillary  and  vein;  as 
yet  no  effort  has  been  made  to  correlate  the  data  in  a  survey  of  the 
whole  field. 

Anatomic  structure  of  vessels.  The  present  paper  is  concerned  with 
reviewing  this  work  to  the  end  that  it  may  be  available  for  theoretical 
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and  practical  application.  To  begin  with,  we  shall  consider  the  newer 
work  as  regards  the  anatomic  definition  of  the  parts  with  which  we  have 
to  deal.  For  this  information  I  am  largely  indebted  to  Dr.  F.  R.  Sabin, 
who  has  been  kind  enough  also  to  prepare  the  material  from  which  the 
accompan3dng  drawing  was  made.  Older  histologists  recognized  the 
essential  characteristics  of  arteries,  capillaries  and  veins  (1).  The 
capillary  is  a  bare  endothelial  tube  nicely  adapted  for  the  transfer  of 
nutriment  and  waste  to  and  from  the  tissue  spaces  which  surround  the 
functioning  cells.  Along  these  tubes  course  nerve  fibers  which  present 
an  exactly  similar  pattern  and  while  contacts  between  these  fiber- 
endings  and  the  endothelial  cells  have  not  been  recognized,  it  is  a  fair 
assumption,  in  view  of  the  similarity  of  the  nerve  and  vessel  patterns, 
that  such  contacts  do  indeed  occur.  In  other  words,  histological 
evidence  accords  with  the  belief  that  the  vascular  capillaries  have  a 
direct  nerve  supply.  In  the  case  of  lymphatic  capillaries  which  are 
structurally  akin  to  the  vascular  capillaries,  the  evidence  of  a  nerve 
supply  is  even  more  convincing  (2),  so  that  we  may  be  satisfied  that 
the  capillary  endotheUum  is  provided  with  a  mechanism  by  which  it 
may  maintain  influential  relations  with  distal  parts  of  the  body. 

The  endothelial  layer  of  cells  which  constitutes  the  capillary  is  con- 
tinued into  the  arteries  and  veins  and  forms  the  innermost  layer  of 
the  intima  lining  these  vessels.  Superimposed  upon  this  layer  are  tissue 
structures  whichrgive  character  to  and  differentiate  the  different  vascu- 
lar areas.  The  essential  difference  between  the  larger  arteries  and  veins 
is  found  in  the  relative  thickness  of  their  walls.  In  the  arteries  smooth 
muscle  predominates  while  in  the  veins,  although  a  goodly  supply  of 
smooth  muscle  is  present,  white  and  yellow  elastic  tissue  predominates 
and  the  total  thickness  of  the  wall  is  much  less. 

In  the  larger  blood  vessels  two  types  of  nerves  are  found  forming 
plexiform  nets  on  and  in  the  walls.  The  one  type,  motor  in  character, 
appears  to  be  distributed  so  that  contact  is  made  with  each  muscular 
element.  This  set  of  fibers  undoubtedly  mediates  functional  vasomotor 
responses  acting  upon  the  muscular  coats.  The  other  type,  described 
by  Dogiel  as  distributed  to  the  three  tunic  layers  of  the  vessel  wall, 
terminates  in  a  kind  of  flattened  end-plate  or  specialized  structure. 
This  set  of  fibers  thus  has  the  character  of  sensory  nerves.  Pressure 
stimuli  within  the  aorta  and  inferior  vena  cava  have  been  shown  to  give 
rise  to  a  reflex  cardiac  response.  Thus  Eyster  and  Hooker  (3)  found 
that  a  sudden  access  of  pressure  in  an  isolated  loop  of  the  thoracic 
aorta  caused  a  reflex  slowing  of  the  heart.    Both  afferent  and  efferent 
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paths  of  this  reflex  are  in  part  if  not  in  whole  in  the  vagus  since  the 
reaction  occurs  after  section  of  the  accelerator  and  depressor  nerves. 
Bainbridge  (4)  has  demonstrated  the  converse  reaction,  namely,  that 
a  sudden  rise  of  caval  pressure  produces  a  reflex  cardiac  acceleration. 
The  importance  of  the  depressor  nerve  as  a  sensory  path  for  the  control 
of  arterial  tone  has  long  been  recognized.  Eyster  and  Hooker  found 
no  evidence  that  these  fibers  arise  in  the  heart  and  concluded  that 
their  distribution  was  confined  largely  to  the  thoracic  aorta. 

The  point  may  therefore  be  made  that  the  larger  vessels  provided 
with  both  sensory  and  motor  innervation  constitute  a  mechanism 
which,  in  conjunction  with  the  heart,  is  able  to  preside  over  the  pressure 
conditions  of  the  blood  as  it  is  supplied  and  received  from  the  distal 
and  smaller  branches  of  the  vascular  tree. 

Between  the  arteries  proper  and  the  capillaries  lie  the  arterioles,  and 
between  the  capillaries  and  the  veins  proper  he  the  venules.  Whether 
we  should  distinguish  between  an  arterial  and  a  venous  capillary  is  an 
open  question.  If  such  a  distinction  is  made  it  must  rest  upon  func- 
tional grounds  because  from  a  structural  viewpoint  such  a  clean-cut 
distinction  is  impossible.  Histologically,  capillaries  of  different  size 
may  be  recognized  but  they  are  structurallj'^  uniform  in  character. 
The  temis  "arteriar^  and  'S^enous"  in  this  connection  imply  a  change 
in  character  of  the  contained  blood.  That  we  can  distinguish  in  a 
capillary  net  a  sharp  point  at  which  such  a  change  occurs  seems  quite 
improbable.  Variables  in  the  tissue  call  for' oxygen  and  in  the  rate  of 
the  blood  stream  would  be  likely  to  shift  this  point  now  in  one  direction 
and  now  in  the  other.  The  attractive  hjT^othesis  of  StarUng  (5)  that 
the  osmotic  pressure  of  the  blood  proteins  serves  to  draw  back  into  the 
vascular  bed  fluid  which  has  filtered  into  the  tissue  spaces  under  the 
hydrostatic  force  of  the  blood  pressure  demands  no  structural  difference 
in  the  capillary  tube.  The  phenon;enon  of  fluid  transport  depends 
simply  upon  a  falling  head  of  pressure. 

While  we  may  not  therefore  distinguish  the  capillaries  as  among  them- 
selves and  while  the  older  histological  work  offered  no  clean-cut  dis- 
tinction between  arterioles  and  venules,  newer  observations  have  built 
up  a  sharp  distinction  in  the  latter  case  which  is  undoubtedly  worthy 
of  special  emphasis  because  of  its  presumptive  functional  significance. 

Arteriole  and  venule.  As  we  pass  peripheralwards  along  the  arteries, 
there  is  a  progressive  decrease  in  the  size  of  the  lumen  and  in  the  thick- 
ness of  the  vessel  wall.  The  decrease  in  the  thickness  of  the  vessel 
wall  is  due  chiefly  to  the  loss  of  connective  tissue  elements.     The 
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smallest  arteries  are  made  up  of  the  endothelial  lining  of  the  intima, 
a  layer  of  connective  tissue  fibers  and  a  layer  of  muscle  fibers,  all  of 
which  are  continuous  with  the  corresponding  layers  of  the  larger  vessels. 
This' transit  ion  has  resulted  in  the  elimination  of  the  outer  adventitious 
coat.  The  step  down  to  the  arteriole  is  accomplished  by  the  elimination 
of  the  connective  tissue  layer  between  the  endothelial  lining  and  the 
muscle  fibers.  The  arteriole,  then,  is  composed  of  endothelimn  and 
muscle  and  is  defined  as  that  section  of  the  vessel  which  has  lost  its 
intimal  connective  tissue  and  yet  retains  a  muscular  layer.  As  the 
arterioles  subdivide  and  become  smaller,  the  muscular  layer  fades  away 
and  there  is  left  nothing  but  the  bare  endothelial  tube  which  constitutes 
the  capillar>^ 

,r.....     ^  SMOOTH  MUSCLE  CELL3 

iVt-NULE. 
CAPILLARY  I  ^     ^ 


Fig.  1.  Arteriole  and  venule  from  the  pia  mater  of  the  pig's  brain.  The 
arteriole  has  a  wall  of  endothelium  and  circular  smooth  muscle  only,  there  being 
no  adventitial  sheath.  The  smaller  branch  shows  a  thinning  out  of  the  smooth 
muscle  as  the  vessel  approaches  the  capillary  and  the  round,  cell  near  the  open 
end  of  its  lumen  is  a  lymphocyte.  The  terminal  venule  has  a  wall  of  endothelium 
and  connective  tissue  only,  the  last  two  longitudinal  smooth  muscle  cells  being 
a  considerable  distance  from  the  capillaries.  The  capillaries  are  not  in  the  pia 
mater  but  penetrate  the  substance  of  the  brain. 

Passing  again  along  the  capillary  tubes,  the  latter  are  transformed 
into  venules.  This  transition  is  accomplished  by  the  addition  of  a 
connective  tissue  layer  which  takes  place  l)cfore  there  is  any  evidence 
whatsoever  of  the  presence  of  muscle  fibers.  Thus  there  is  a  sharp 
structural  contrast  between  the  arteriole  and  the  venule.  The  arteriole 
is  characterized  b}^  the  muscle  substance  intimately  overlying  the 
endothelial  tube,  while  the  venule  exhibits  connective  tissue  similarly 
overlying  the  endothelium. 

This  structural  difference  is  well  shown  in  the  accompanying  figure 
(fig.  1)  drawn  from  preparations  of  the  pial  vessels  of  the  brain.    The 
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two  drawings  are  not  true  to  scale  and  the  small  branch  given  off  from 
the  vessel  marked  "arteriole"  has  not  completely  lost  its  muscular 
covering.  In  many  such  preparations,  however,  the  true  capillary 
(bare  endothelial  tube)  is  seen  attached  to  the  arteriole  as  it  is  here 
seen  attached  to  the  venule.  The  point  of  difference  as  to  distribution 
of  muscle  on  the  arteriole  and  connective  tissue  on  the  venule  is  very 
clearly  shown  and  gives  an  anatomic  basis  for  the  physiological  results 
which  connect  the  capillary  and  venule  as  one  functioning  structure. 

Vascular  nerves.  Xhere  is  no  evidence  that  any  but  the  largest  ves- 
sels contain  sensory  nerve" fibers.  In  the  smallest  vessels,  arterioles, 
"capillaries  and  venules,  the  nerve  fibers  are  of  exceedingly  fine  structure 
so  that  a  motor  and  sensory  differentiation  on  histological  grounds  is 
out  of  the  question.  It  is  clear,  however,  that  there  are  no  typical 
sensory  end-plates  such  as  are  recognized  in  the  larger  vessels  and  it 
seems  highly  probable  that  the  fibers  in  question  are  motor  fibers,  the 
function  of  which  is  to  determine  the  contractile  state  of  the  vessels. 
In  the  case  of  the  arterioles  the  muscle  fibers  establish  the  tone  changes, 
under  the  influence  of  the  vasomotor  nerves.  In  ihe  capillaries  and 
venules,  however,  which  are  completely  devoid  of  muscular  tissue,  the 
phenomenon  of  contractility^  if  it  be  present,  must  have  another  basis. 

Theories  of  capillary  contraction.  It  has  been  repeatedly  pointed  out 
(6)  that  there  is  no  inherent  diflSculty  in  the  conception  that  the  capil- 
laries (and  venules)  are  contractile.  Isolated  protoplasmic  units  such 
as  white  blood  cells  and  amoebae  have  the  power  independently  to 
change  their  shape  as  the  result  of  appropriate  chemical  stimulation. 
If  under  alterations  of  surface  tension  isolated  protoplasm  may  change 
its  form,  the  same  property  must  adhere  to  the  endothehal  protoplasm 
of  the  capillaries.  It  is  insufficient,  however,  in  the  case  of  the  capil- 
laries to  conceive  of  a  simple  change  of  shape  in  their  cellular  constitu- 
ents as  a  means  of  altering  the  vascular  lumina  without  assuming  that 
the  tube  length  is  shortened  coincident  with  the  thickening  of  its  walls. 
Although  the  capillaries  lie  loosely  supported  by  adjacent  tissues  and 
could  therefore  undergo  change  in  axial  length,  it  is  more  attractive 
to  apply  the  other  well-recognized  phenomenon  connected  with  the 
surface  tension  of  cells,  namely,  the  alteration  in  the  plasma  membrane 
which  influences  the  transport  of  fluid,  to  account  for  capillary  con- 
tractility. We  may  conceive  then  that  alterations  of  the  smface 
tension  of  the  capillary  endothelium,  mediated  by  chemical  or  nervous 
influences,  determines  the  fluid  content  and  so  the  degree  of  turgescence 
of  the  cells. 
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That  such  a  process  is  developed  in  capillary  contraction  is  indicated 
by  the  observations  of  Strieker  (7).  Strieker,  who  was  one  of  the 
first  to  interest  himself  in  capillary  function  (1865),  noted  that  when 
the  capillaries  constricted  in  the  nictitating  membrane  of  the  frog  as 
the  result  of  appropriate  stimulation,  they  disappeared  almost  entirely 
from  -vdew,  to  return  again  after  the  constriction  passed  off.  This 
observation  suggests  that  the  distention  of  the-  cells  stretching  the 
cell  membrane  thins  the  latter  out  to  such  an  extent  that  it  becomes 
invisible.  It  is  of  interest  to  note  in  this  connection  that  Strieker 
himself  regarded  the  capillary  contraction  as  associated  with  a  turges- 
cence  of  the  endothehal  cells. 

Not  all  the  observers  of  capillary  phenomena  have  accepted  the  view 
that  the  capillary  endothelium  as  such  is  responsible  for  changes  in 
caliber  of  these  vessels.  In  1873  Rouget  (8)  described  perivascular 
cells  lying  on  and  eijcircling  the  capillary  wall  which  were  regarded 
as  the  functional  agents  in  alteration  of  capillary  tone.  It  was  con- 
ceived that  these  perivascular  cells  contract  and  in  so  doing  accomplish 
a  passive  infolding  of  the  capillary  endothelium.  Although  there  was 
no  more  histological  evidence  of  the  contractility  of  these  cells  than 
of  the  endothelium,  the  view  was  widely  adopted.  Four  years  before 
Rouget's  publication,  Golubew  (9),  who  was  the  first  to  confirm  Strieker's 
observations,  had  indeed  suggested  that  certain  spindle  elements  on 
the  capillary  walls  contract  into  spheres,  thus  occluding  the  lumina  of 
the  vessels  and  so  functioning  as  a  constriction.  Tarchanoflf  (10) 
adopted  the  same  view,  as  did  Severini  (11)  and  Mayer  (12)  among  the 
earlier  observers.  Among  later  workers  Steinach  and  Kahn  (1903) 
(13)  alone  adhere  to  this  position. 

Roy  and  Brown  (1879)  (14),  among  the  older  workers,  accept 
Strieker's  view  that  the  endothelial  cells  are  the  prime  factors  in  medi- 
ating changes  of  capillary  tone.  Recent  workers.  Dale  (15),  Krogh 
(16),  Bayliss  (6)  and  Hooker  (17),  adopt  directly  or  by  inference  the 
position  that  the  endothelial  cells  are  alone  responsible  for  the  capillar^" 
phenomena.  While  this  viewpoint  harmonizes  best  with  modern  histo- 
logical data  and  accords  with  observations  of  motility  in  the  lymphatic 
capillaries  in  the  tail  of  the  living  tadpole,  as  made  by  Clark  (18) 
and  others,  it  is  to  be  noted  that  none  of  them  worked  with  sufficiently 
high  magnifications  to  reveal  the  structural  details  of  the  capillaries 
the  function  of  which  was  under  investigation. 

Evidences  of  capillary  function.  Investigation  of  capillary  function 
has  been  directed  to  the  study  of  dilatation  and  of  constriction  by  the 
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two  methods  of  nervous  and  chemical  stimulation.  In  general  terms 
we  may  say  that  chemical  stimuli  may  mediate  both  constriction  and 
dilatation,  while  up  to  the  present  time  nervous  stimuli  have  been  shown 
to  cause  only  coBStrictioju  In  the  present  effort  to  present  the  current 
viewpoint  on  the  functional  activity  of  these  vessels,  it  will  be  expedient 
to  emphasize  the  more  recent  contributions  to  the  subject,  making  only 
casual  reference  to  studies  prior  to  1900. 

In  1903  Steinach  and  Kahn  (13)  published  a  paper  which,  although 
largely  concerned  with  repetition  and  confirmation  of  earlier  work,  is 
an  important  contribution  to  the  subject!  Steinach  and  Kahn  adopt 
the  view  advanced  by  Rouget  in  1873  and  maintained  by  S.  Mej^er, 
that  certain  perivascular  spindle  elements  are  responsible  for  '^capillary 
constriction."  The  figures  used  by  Rouget  and  reproduced  by  Steinach 
and  Kahn  to  illustrate  these  structures  suggest  a  striking  identity  with 
the  muscular  elements  .characteristic  of  the  arteriole,  as  revealed  by 
modem  methods.  This  fact  is  apparent  if  one  compares  Rouget's 
figures  with  the  drawing  of  Doctor  Sabin^s  preparation  given  as  my 
figure  1.  One  is  thus  led  to  conclude  that  the  vessels  which  Steinach 
and  Kahn  regarded  as  capillaries  and  which  they  said  contract  are, 
according  to  modem  histological  methods,  in  fact  arterioles  and  not 
capillaries.  Steinach  and  Kahn  do  not  show  these  cells  in  their  drawings 
of  contracting  capillaries  and  it  appears  from  the  text  as  if  the  capil- 
laries which  they  had  under  investigation  showed  the  scattered,  longi- 
tudinally-lying smooth  muscle  cells  which  are  found  in  the  area  of 
transition  from  arteriole  to  capillary.  Their  drawings  indicate,'  never- 
theless, a  collapse  and  infolding  of  the  capillary  wall  in  the  process  of 
contraction  which  would  seem  to  be  impossible  of  accomplishment 
except  by  some  force  acting  from  without  and  certainly  could  not  be 
due  to  a  turgescence  of  the  endothelial  cells. 

We  are  consequently  unable  to  reach  a  satisfactory  conclusion  as 
to  the  manner  in  which  the  occlusion  of  the  capillary  lumen  is  accom- 
plished. As  between  turgescence  of  the  endothelial  cells  and  activity 
of  the  perivascular  spindle  cells  of  Rouget,  the  former  is  more  in  accord 
with  the  newer  histological  developments.  The  question  is  unsettled, 
however,  and  is  deserving  of  further  work. 

As  regards  the  contractility  of  the  capillaries,  however,  Steinach 
and  Kahn  present  positive  evidence.  Most  of  their  efforts  were  directed 
to  a  study  of  the  effects  of  electrical  stimulation  applied  to  the  isolated 
nictitating  membrane  of  the  frog.  This  work  confirms  Strieker, 
Golubew,  Tarchanoff  and  Biedl  (19).  They  used  both  galvanic  and 
faradic  currents  and  found,  in  the  main,  galvanic  stimuli  more  effective. 
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It  is  not  easy  even  with  the  nictitating  membrane  of  the  frog  to  obtain 
both  clear  and  irritable  preparations.  WTien  so  obtained,  however, 
the  application  of  stimuli  gave  sharp  pictures  of  vascular  contraction 
which,  under  favorable  circumstances,  might  be  repeated  ten  to  twenty 
times.  Sometimes  the  area  of  responding  capillaries  was  extensive, 
sonaetimes  only  localized  responses  w^ere  obtained. 

The  amount  of  contraction  obtained  by  the  direct  appKcation  of 
stimuli  to  the  tissue  is  given  in  the  accompanying  table: 

Measurements  of  capillaries  at  rest  and  during  stimulation  {Steinach  and  Kahn) 


DIAMETER 

DIAMETER 

OBSERVA- 

IN 

IN 

CAPILLARY  LUMEN 

MATERIAL  OBSERVED 

TION 

RELAXATION 

CONTRACTION 

1 

M 
26.0 

12 

Still  patent 

Nictitating  membrane 

2 

24.0 

7 

Invisible 

Nictitating  membrane 

3 

23.0 

15 

Narrowed 

Periesophageal  membrane 

4 

22.0 

6 

Much  narrowed 

Nictitating  membrane 

5 

21.0 

4 

Invisible 

Nictitating  membrane 

6 

19.0 

3 

Invisible 

Nictitating  membrane 

7 

18.0 

8 

Narrowed 

Nictitating  membrane 

8 

18.0 

10 

Invisible 

Nictitating  membrane 

9 

18.0 

14 

Notched 

Nictitating  membrane 

10 

14.0 

6 

Invisible 

Nictitating  membrane 

11 

10.5 

3 

Invisible 

Nictitating  membrane 

12 

8.4 

6 

Much  narrowed 

Nictitating  membrane 

The  authors  adduce  this  evidence  to  substantiate  their  contention  that 
turgescence  of  the  endothelium  cannot  explain  the  contraction  because 
the  diameter  of  the  whole  capillary  is  reduced.  A  contraction  of  the 
lumen  by  turgescence  could  not  decrease  the  outside  diameter  of  the 
vessel.  But  the  table  is  also  of  interest  in  giving  concrete  evidence 
of  the  amount  of  change  which  may  take  place  in  capillary  diameter. 
It  shows  an  average  decrease  in  diameter  from  18.5  m  to  7.8  jx.  Inter- 
preting these  values  in  terms  of  sectional  area,  v.  e  find  the  cross  section 
of  the  relaxed  capillary  is  0.0011  sq.  mm.  as  compared  with  0.0002  sq. 
mm.  for  the  contracted  capillary,  a  fivefold  difference.  The  potential 
eflBciency  of  the  capillary  in  the  regulation  of  the  distribution  and  pres- 
sure of  the  blood  is  thus  seen  to  be  enormous. 

The  time  required  for  complete  contraction  is  from  one  to  three 
seconds.  Dilatation  takes  an  appreciably  longer  time.  Single  stimuli, 
even  of  highest  intensity,  are  quite  without  effect;  it  requires  a  sum- 
mating  series  to  elicit  a  response. 
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A  significant  observation  made  in  connection  with  the  use  of  this 
isolated  tissue  was  that  the  venule  contracts  as  well  as  the  capillary. 
The  contractile  process  is  essentially  like  that  of  the  capillary  but  is 
less  energetic,  develops  more  slowly  and  seldom  goes  on  to  complete 
constriction  of  the  lumen.  The  relaxation  phase  is  described  as  taking 
a  shorter  time  than  in  the  capillary  proper.  These  differences  of 
behavior  in  the  venules  are  ascribed  to  the  fact  that  there  are  fewer 
contractile  elements  in  their  walls. 

Results  similar  to  the  above  were  obtained  with  the  membrana 
perioesophagealis.  This  tissue,  however,  lacks  many  of  the  advantages 
of  the  nictitating  membrane  and  was  employed  relatively  little.  The 
essential  results  obtained  with  the  frog  were  demonstrated  in  the  use 
of  mammalian  tissue,  namely,  a  decrease  in  cross  section  and  a  folding- 
up  of  the  intima  upon  electrical  stimulation.  The  omental  vessels  of 
the  guinea  pig  and  cat  were  observed.  Omental  tissue  of  young  cats 
excised  and  observed  in  a  warm  moist  chamber  yielded  the  most  satis- 
factory results.  Capillaries  of  less  than  lO/x  diameter  were  not  observed 
to  contract.  But  they  regard  the  larger  vessels  as  being  true  capil- 
laries and  sustaining  the  point.  This  would  seem  to  be  a  wholly 
justified  assumption.  Cats'  red  blood  cells  are  6//  in  diameter.  A 
capillary  tube  of  much  less  than  lO/x  would  obviously  impede  the  blood 
movement.  Since  they  frequently  noticed  vessels  of  IOm  reduced  to 
S-4n  diameter  under  stimulation,  it  is  a  fair  presumption  that  the 
smaller  capillaries  which  failed  to  respond  to  stimulation  were  in  fact 
alreadj*^  contracted. 

Biedl,  and  Tarchanoff  before  him,  had  sought  to  demonstrate  a 
nervous  control  of  capillary  tone  without  success.  Steinach  and  Kahn, 
however,  convinced  from  their  results  on  direct  stimulation  of  tissue 
that  the  capillaries  must  be  under  nervous  control,  persisted  in  the 
attack  imtil  they  were  able  to  make  a  preparation  which  gave  imequivo- 
cal  results.  The  reader  must  be  referred  to  the  original  paper  for  the 
details.  It  is  sufficient  here  to  state  that  tracing  back  the  nerves  from 
the  nictitating  membrane,  they  were  able  to  stimulate  these  fibers  at 
their  exit  from  the  cord  and  at  the  same  time  observe  the  behavior  of 
the  capillaries  in  the  nictitating  membrane  in  situ.  Under  these  circum- 
stances the  authors  found  that  nerve  stimulation  gave  as  pronounced 
a  capillary  response  as  was  obtained  by  direct  stimulation.  Here 
again  single  stimuli  were  ineffective  and  the  direct  current  was  superior 
in  potency  to  induced  electricity.  The  latency  was  appreciably  greater 
than  by  direct  stimulation,  four  to  five  seconds  in  favorable  cases,  but 
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sometimes  twenty  or  more  seconds.  Efforts  to  obtain  reflex  capillary 
constriction  were  without  avail  although  they  were  able  to  show  a 
reflex  effect  upon  small  arteries  close  to  their  capillary  field.  In  spite 
of  their  failure  in  this  regard,  they  beUeve  that  reflex  regulation  of 
capillary  tone  will  yet  be  demonstrated. 

Do  the  vessels  as  such  facilitate  blood  movement?  One  other  point 
brought  out  in  this  paper  deserves  mention,  namely,  the  fact  that 
following  nerve  stimulation  the  capillaries  are  prone  to  exhibit  rhythmic 
contractility.  This  observation  is  of  interest  in  view  of  the  question 
frequently  raised  in  the  literature  regarding  an  extra  cardiac  force  in 
the  propulsion  of  blood.  A  recent  critical  review  of  this  subject  by 
Fleisch  (20)  emphasizes  the  improbability  that  the  rhythmic  contrac- 
tions exhibited  by  the  excised  arterial  strip  can  be  interpreted  as  evi- 
dence of  a  vascular  force  to  facilitate  the  blood  movement.  Hess  (21) 
has  shown  for  the  pulsating  veins  in  the  bat's  wing  by  cinematographic 
photographs  that  the  time  relations  between  contraction  and  relaxation 
are  such  as  would  facilitate  blood  movement.  The  contraction  phase 
is  about  one-third  and  the  relaxation  phase  about  two-thirds  of  the 
cycle.  Records  of  the  arterial  pulse  wave  show  a  reversed  time  reaction; 
that  is,  the  collapsing  (constriction)  phase  is  two-thirds  and  the  distend- 
ing (relaxation)  phase  is  one-third  of  the  cycle.  It  is  obvious  that  such 
a  movement,  even  if  more  than  passive,  would  not  facilitate  the  pro- 
pulsion of  the  blood.  Furthermore,  as  Fleisch  points  out,  the  rate  of 
contraction  of  isolated  arterial  preparations  at  body  temperature  is 
less  than  the  heart  rate.  If  therefore  such  vascular  movements  occurred 
in  the  normal  intact  animal,  they  would  be  as  likely  to  impede  as  to 
facilitate  the  force  of  the  hejtrt  beat  since  they  are  neither  s>Tichronous 
with  it  nor  can  they  travel  with  the  same  rapidity  over  the  vascular 
tube. 

Fleisch  thus  concludes  that  there  is  no  convincing  evidence  that  the 
arteries  furnish  an  extra-cardiac  circulatory  force.  The  existence  of 
such  a  force  in  the  veins  is  perhaps  an  open  question,  but  in  the  case 
of  the  capillaries,  since  cinematographic  records  show  no  rhythmic 
change  of  caUber,  the  latter  must  also  be  excluded  as  partfcipating 
circulatory  aids.  The  most  recent  work  makes  such  a  sweeping  state- 
ment on  the  capillary  function  very  questionable.  Strieker  in  1865 
described  the  observation  of  a  varicosity  on  a  frog's  capillary  which 
moved  forward,  suggesting  to  him  peristaltic  activity  on  the  part  of 
the  endothelial  tube.  Also,  as  will  be  discussed  more  fully  later,  it 
has.  been  shown  that  the  mammalian  capillaries  and  venules  undergo 


Digitized  by 


Google 


122  D.   R.   HOOKER 

post-mortem  changes  such  that  they  are  ahnost  completely  emptied  of 
blood  shortly  after  death.  Later  they  fill  again  and  subsequently 
finally  empty  themselves.  These  changes  take  place  post  mortem  and, 
since  the  preparation  is  not  disturbed,  cannot  be  passive  in  character 
both  as  to  emptying  and  filling.  In  other  words,  the  capillaries  under 
these  circumstances  exhibit  a  functional  response  which  might  be  of 
distinct  moment  in  moving  the  blood  under  normal  conditions. 

It  will  be  noted  that  when  the  blood  is  passed  into  the  capillary  bed 
its  progress  is  slow  so  that  to  hasten  it  would  not  require  ar  quicker  action 
on  the  part  of  the  enveloping  tube  than  we  might  expect  from  our 
knowledge  of  the  tissue  concerned.  Indeed,  anyone  who  observes  the 
capillary  circulation  must  be  struck  by  the  varied  rate  of  flow  in  this 
vascular  field.  Corpuscular  stagnation  in  one  vessel  is  paralleled  by 
a  rapid  stream  in  an  adjacent  vessel  suppUed  by  the  same  arteriole. 
There  is  no  doubt  that  some  force  distal  to  the  arteriole  is  responsible 
for  the  condition.  And  this  conviction  is  strengthened  when  we  note 
that  the  conditions  of  flow  in  two  such  neighboring  capillaries  may  be 
reversed  without  apparent  change  in  the  arteriole.  This  phenomenon 
may  be  especially  well  seen  in  the  capillaries  of  the  finger  in  the  skin 
overlying  the  matrix  of  the  finger  nail  (22). 

This  is  not  to  say  that  an  inherent  force  in  the  capillaries  and  venules 
actually  propels  the  blood  stream  onward.  Rather,  we  should  state 
that  the  tissues  involved,  the  capillary  and  venular  endothelium,  possess 
a  capacity  readily  adaptable  to  such  a  function  under  the  conditions 
which  prevail.  It  seems  therefore  quite  probable  that  an  extra-cardiac 
force  of  very  considerable  significance  to  the  circulation  may  yet  be 
shown  to  be  present  in  the  capillaries  and  venules.  Up  to  the  present 
no  one  has  attempted  to  show,  except  in  the  case  of  the  bat's  wing,  that 
the  veins  proper  facilitate  blood  movement  by  contractile  activity. 
There  is  abundant  evidence  that  the  tone  of  the  veins  is  an  important 
factor  in  circulatory  regulation  (23)  and  we  know  that  respiratory, 
joint  and  muscular  movements  faciUtate  by  a  massage  effect  the  move- 
ment from  valve  segment  to  valve  segment  of  the  blood  in  the  large 
veins.  The  sole  indication,  however,  that  the  veins  may  move  the 
blood  by  a  kind  of  peristaltic  activity  is  found  in  analogous  observations 
that  the  large  lymphatic  trunks  in  situ  may  exhibit  spontaneous  rhyth- 
micity  of  a  peristaltic  character.  Gunn  and  Chavasse  (24)  found  that 
the  application  of  epinephrin  to  the  inferior  vena  cava  at  a  considerable 
distance  from  the  heart  elicited  rhythmic  contractions  in  a  formerly 
quiet  preparation,  but  it  may  be  doubted  if  the  extension  of  the  auricular 
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function  out  over  the  great  veins  is  to  be  regarded  as  a  functional  aid 
to  the  movement  of  the  blood. 

Chemical  stimuli.  I  have  dwelt  at  considerable  length  on  the  work 
of  Steinach  and  Kahn  because  it  presents  in  large  part  the  viewpoint, 
methods  and  results  of  earlier  investigators.  It  must  be  pointed  out, 
however,  that  effort  was  not  limited  to  a  study  of  electrical  stimulation. 
Thus  Strieker  used  chemical  and  mechanical  stimulation  as  well  and 
obtained  excellent  results  on  the  capillaries  of  the  tail  of  the  living 
tadpole.  The  results  with  ammonia  vapor  were  particularly  striking. 
When  the  tissue  was  exposed  to  the  vapor  for  three  or  four  seconds  and 
then  examined  under  the  microscope,  Strieker  saw  the  capillary  lumina 
^most  disappear  and  then  dilate  wide  enough  for  a  corpuscle  to  pass. 
This  phenomenon  occurred  about  twice  in  fifteen  minutes.  Similarly 
Tarchanoff  made  use  of  alcohol,  ether,  ammonia,  ferric  chloride,  acetic 
acid  and  also  heat  and  obtained  capillary  constriction.  The  character 
of  the  functional  response  of  the  vessels  is  not  made  very  clear  and  it 
appears  that  the  vessels  very  often  failed  to  dilate  after  the  stimulus 
was  removed.  Roy  and  Brown  in  1879  and  also  Lister  (25)  in  1858 
found  that  irritant  chemical  substances  produced  capillary  dilatation. 
Xister  considered  this  response  seeondeoy  to  arteriolar  dilatation,  but 
Roy  and  Brown  showed  conclusively  by  concomitant  pressure  deter- 
minations that  the  effect  was  directly  upon  the  capillaries.  Biedl 
studied  the  effect  of  heat.  He  reports  seeing  all  the  peripheral  vessels 
of  the  frog's  mesentery  (arterioles,  capillaries  and  venules)  contract 
on  the  apphcation  of  salt  solution  at  45°C.  and  dilate  again  when  the 
heat  was  removed. 

Severini  (11),  as  early  as  1878,  published  a  monographic  study  of 
capillary  fimction.  In  this  he  states  that  the  application  of  oxygen 
causes  the  capillaries  to  contract,  while  the  application  of  COi  causes 
them  to  relax.  These  observations  were  made  upon  the  frog  and  also 
upon  the  mesentery  of  the  guinea  pig.  Lister,  likewise,  had  observed 
the  effect  of  COj  and  used  the  phenomenon  to  explain  the  congestion 
of  the  lungs  in  asphyxia.  These  results  could  not  be  confirmed  either 
by  Tarchanoff  or  by  Roy  (26),  but  are  nevertheless  of  interest  in  being 
the  first  definite  suggestion  of  the  importance  of  these  gases  in  the 
regulation  of  vascular  tone.  Quite  recently,  however,  Krogh  has  been 
able  to  confirm  them  for  carbonic  acid. 

Mechanical  stimuli.  When  a  blimt-pointed  object  is  drawn  across 
the  skin  with  some  pressure,  a  vascular  skin  reaction  is  developed  which, 
in  certain  circumstances,  is  regarded   clinically  as  symptomatic  of 
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vasomotor  instability.  The  reaction  was  first  described  by  ^larey  in 
1858  (27),  who  regarded  it  as  dependent  upon  a  capillary  response. 
The  track  of  the  object  is  first  white,  due  to  expression  of  the  under- 
lying capillary  blood.  The  white  line  turns  red  in  a  few  seconds  and 
may  become  bordered  with  white  bands,  with  flushed  bands  or  with 
both  white  and  flushed  bands,  the  white  bands  lying  next  the  red  line. 
The  reaction  persists  for  varying  lengths  of  time,  usually  a  matter  of 
minutes.  The  duration  and  brilliance  of  the  phenomenon  depend 
upon  the  sensitivity  of  the  vessels  and  in  certain  cases  may  go  on  to 
the  development  of  definite  urticarial  wheals  (urticaria  factitia). 

This  reaction  is  generally  known  as  dermatographism  and  in  extreme 
form  is  regarded  as  an  angioneurosis.  Muller  (28),  in  a  discussion  of 
the  phenomenon  and  its  diagnostic  significance,  published  some  beauti- 
ful photographs  indicative  of  the  character  of  responses  obtained  in 
different  cUnical  conditions.  Ryan  (29)  has  sought  to  apply  the  test 
as  a  criterion  of  physiological  fatigue.  The  latter's  results  indicate  that 
the  primary  white  line  fades  more  quickly  when  the  subject  is  fatigued 
or  suffers  from  an  infectious  disease. 

In  1917  Cotton,  Slade  and  Lewis  (30)  attacked  the  subject  of  derma- 
tographia  as  exhibited  in  soldiers  with  'irritable  heart,**  and  present 
evidence  to  show  that  some  of  the  conditions  observed  can  best  be 
explained  on  the  assumption  of  contractility  in  the  capillaries.  They 
regard  the  red  Une  of  the  t&che  and  the  flush  which  may  surround  it 
as  due  to  arteriolar  dilatation  which  floods  more  blood  into  the  capillary 
bed.  The  white  t&che  and  the  white  area  beside  a  red  t&che,  however, 
are  accepted  as  due  to  capillary  constriction.  When  a  red  t&che  has 
been  estabUshed  its  tint  is  first  that  of  the  skin,  but  blueness  is  rapidly 
developed,  they  argue,  by  capillary  dilatation  which  facilitates  oxygen 
diffusion  and  in  the  absence  of  increased  blood  flow  develops  the  blue 
color. 

The  most  convincing  evidence  adduced  by  these  investigators  for 
capillary  activity  is  found  in  experiments  in  which  the  blood  flow  in 
an  arm  was  completely  shut  off  by  a  supra-systolic  pressure  in  a  sphyg- 
momanometer cuff.  When  the  arm  was  held  horizontal  at  the  time 
this  pressure  was  applied,  the  color  of  the  skin  remained  normal  and 
the  stroke  of  a  blunt  instrument  developed  a  white  t&che  just  as  distinct 
as  under  normal  circulatory  conditions.  Since  this  reaction  could  be 
obtained  at  any  time  during  ten  minutes  of  applied  pressure,  they  quite 
properly  assume  a  stabilized  pressure  in  the  vessels.  If  under  such 
circumstances  the  capillaries  empty  themselves  of  blood  on  appropriate 
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stimulation,  the  result  cannot  be  ascribed  to  arteriolar  constriction  and 
must  be  due  to  a  response  on  the  part  of  the  capillaries  themselves. 
Under  the  same  conditions  stronger  mechanical  stimulation  of  the  skin 
produced  a  red  t&che  which  was  assumed  to  be  due  to  a  capillary 
dilatation,  thereby  permitting  blood  to  enter  from  the  larger  neighboring 
vessels. 

Following  the  same  procedure  as  regards  occluding  the  larger  vessels, 
these  authors  find  that  the  cutaneous  injection  of  a  few  drops  of 
1:30,000  adrenalin  causes  a  locaUzed  pallor  much  as  is  the  case  when 
the  substance  is  injected  with  circulation  intact.  Pallor  in  the  latter 
case  is  accepted  as  due  to  constriction  of  the  arterioles  and  this  the 
authors  do  not  deny.  But  when  the  blood  flow  in  the  large  vessels  is 
shut  off,  the  pallor  must  be  due  to  an  effect  upon  the  capillaries  directly. 
We  shall  have  more  to  say  of  the  effect  of  epinephrin  in  later  pages. 

Sollmann  (44)  has  studied  the  reactions  produced  by  the  application 
of  various  substances  to  the  scarified  skin.  Urticarial  reactions  were 
obtained  with  histamine,  peptone,  morphine,  formaldehyde,  atropin, 
cocaine,  calcium  chloride  and  urea,  while  blanching  occurred  with  epi- 
nephrin, pituitary  and  hydrastin.  Although  localized  flushing  or 
blanching  of  the  skin  was  conspicuous  in  these  reactions,  Sollmann 
was  unable  to  connect  them  with  any  known  chemic  or  pharmacologic 
relations  because  other  substances  having  equally  potent  vasomotor 
properties  were  without  effect.  He  ascribed  the  urticarial  responses 
to  a  specific  increase  in  capillary  permeability.  It  would  bfe  of  interest 
with  our  present  methods  and  knowledge  of  capillary  function  to  again 
study  these  reactions  to  observe  directly  the  behavior  of  the  capillaries 
and  venules. 

Briscoe  (31)  made  a  careful  study  of  the  venous  and  capillary  pres- 
sures in  a  number  of  individuals  suffering  from  the  condition  known 
as  "irritable  heart  ^^  who  exhibited  local  asphyxia  or  cyanosis  of  the 
hands.  She  made  use  of  the  apparatus  described  by  Hooker  (32) 
and  used  as  criteria  for  the  venous  pressure  the  collapse  of  the  super- 
ficial vein,  and  for  the  capillary  pressure  the  blanching  of  the  skin  under 
the  glass  capsule.  Throughout  her  observations  the  venous  pressure 
was  found  within  normal  limits  (average  11.4  cm.  H^O).  The  capillary 
pressure  was,  however,  uniformly  high  and  sometimes  as  high  as  twice 
the  normal.  The  average  capillary  pressure  for  the  controls  was  23.5 
cm.  H2O,  and  for  the  subjects  with  well-marked  blue  hands  36.9  cm. 
H2O.  In  these  cases  there  is  Uttle  doubt  of  capillary  stagnation;  the 
blue  color,  the  tendency  to  perspire,  and  the  dark  color  of  the  blood 
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which  exudes  from  a  skin  prick,  all  point  to  this  condition.  The  stasis 
might  be  due  to  arteriolar  constriction.  This  factor  is,  however, 
excluded  by  the  high  capillary  pressure.  Hence  the  only  mechanism 
which  could  develop  a  high  capillary  pressure  with  engorgement  accom- 
panied by  a  normal  venous  pressure  would  be  a  constriction  of  the 
venules  and  this  is  the  explanation  of  the  condition  which  Briscoe 
accepts. 

We  find  in  this  explanation  the  first  suggestion  of  independent  func- 
tion on  the  part  of  the  venules.  I  shall  present  direct  evidence  of  the 
abiUty  of  these  vessels  to  contract  and  to  dilate,  and  it  is  quite  con- 
ceivable that  they  may  do  so  in  these  cases  of  local  cyanosis  although 
Briscoe's  evidence  is  the  sole  indication  of  it  at  the  present  time.  It 
must  be  remembered  also  that  the  criterion  of  color  change  in  the  skin 
for  capillary  pressure  is  open  to  serious  objections,  as  has  been  pointed 
out  by  Danzer  and  Hooker,  and  especially  on  a  cyanotic  skin  this 
criterion  must  be  difficult  of  interpretation. 

Returning  again  to  the  results  of  direct  experimentation  of  capillary 
fimction,  we  have  the  recent  contributions  of  Krogh  (1919).  Krogh 
reached  the  conclusion  that  in  muscle  at  rest  many  capillary  channels 
/are  occluded,  and  that  as  the  result  of  activity  the  number  of  patent 
capillaries  is  enormously  increased.  This  conclusion  rested  on  the 
study  of  both  Uving  and  fixed  specimens. 

It  may  be  assumed  that  the  response  is  due  primarily  to  the  stimulus 
exerted  upon  the  capillary.  endotheUimi  by  the  kataboUc  products  of 
'  muscular  activity.  In  this  paper  Krogh  well  emphasizes  the  inadequacy 
of  the  older  concept  of  capillary  function  that  the  number  of  functioning 
capillaries  in  any  tissue  depended  upon  the  tension  of  blood  in  the 
arterioles,  and  that  as  this  tension  rises  more  and  more  capillaries  open 
up  as  if  their  tonicity  varied  in  degree  from  capillary  to  capillary. 
He  points  out  that  if  such  an  arrangement  existed,  the  blood  would 
always  tend,  when  the  pressure  was  low,  to  flow  in  certain  fixed  channels 
so  that  some  cells  would  be  richly  suppUed  with  oxygen  while  others 
would  be  in  constant  danger  of  suffering  oxygen  want.  There  is  today 
much  reason  to  believe  that  the  capillaries  are  readily  susceptible  to 
chemical  stimulation  especially,  and  that  thereby  the  blood,  without 
recourse  to  changes  in  arteriolar  pressure,  may  be  shunted  from  one  set  of 
channels  to  another  according  to  the  tissue  needs  of  their  environing 
cells.  Roy  and  Brown  indeed  noted  (1879)  that  the  caliber  of  capillaries 
is  constantly  changing,  and  that  these  changes  are  independent  of  the 
pressure  of  the  blood  supplied  to  them.    As  a  matter  of  fact,  one  may 
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note  in  the  skin  overlying  the  matrix  of  the  finger  nail,  when  the  tissue 
is  made  transparent  to  microscopic  vision  by  a  drop  of  oil,  what  Krogh 
observed  in  the  tongue  of  the  frog,  namely,  the  not  infrequent  alterna- 
tion of  stasis  and  flow  in  the  capillaries  imder  observation.  Danzer 
and  Hooker  found  that  one  of  the  annoyances  in  determinations  of 
capillary  blood  pressure  in  man,  when  the  criterion  employed  was  the 
cessation  of  corpuscular  flow,  lay  in  the  fact  that  often  the  large  and 
conspicuous  capillaries  were  filled  with  stagnated  corpuscles,  and  they 
noted  that  in  the  course  of  observations  it  was  not  uncommon  to  find 
that  a  previously  stagnated  vessel  had  become  patent  and  that  on  the 
other  hand  patent  vessels  became  stagnated.  Furthermore,  they 
found  under  varjdng  experimental  conditiona  that  the  pressure  might 
rise  or  fall  in  one  capillary  while  the  pressure  in  its  neighbor  remained 
constant  or  changed  in  an  opposite  direction.  The  structural  conditions 
of  the  vascular  bed  are  undoubtedly  such  that  in  the  vast  majority  of 
instances  neighboring  capillaries  are  supplied  by  the  same  arteriole. 
Variations  in  neighboring  capillaries  such  as  have  been  noted  therefore 
must  be  due  to  inherent  and  independent  changes  in  the  vessels 
themselves. 

In  another  place  Krogh  has  presented  further  evidence  of  independent 
contractility  in  the  capillaries  of  the  frog  as  induced  by  both  chemical 
and  mechanical  stimulation.  As  regards  the  latter,  he  states  that 
pimctate  stimulation  with  a  needle  point  may  be  seen  to  cause  dilatation 
of  a  single  capillary  or  even  a  short  section  of  a  single  capillary.  It 
is  interesting  that  when  such  a  reaction  is  induced,  the  dilatation  starts 
at  the  venous  end  of  the  tube  so  that  as  the  vessel  fills  the  blood  appears 
to  flow  toward  the  heart.  When  the  dilatation  reaches  the  arteriole, 
there  is  a  sudden  reversal  to  normal  in  the  direction  of  the  flow.  I 
have  myself  repeatedly  seen  this  reversal  of  flow  under  somewhat  differ- 
ent conditions  in  the  capillaries  of  the  cat's  ear.  The  observation  that 
cocaine  aboUshed  the  response  to  mechanical  as  well  as  to  certain 
chemical  stimuU  suggests  a  nervous  control  of  some  kind.  Acids, 
however,  among  the  chemical  stimuli,  were  exceptions  in  that  cocaine 
did  not  abolish  their  effect.  Immediately  after  nerve  section  the 
response  to  both  mechanical  and  chemical  stimulation  is  unaltered. 
With  the  establishment  of  degeneration  the  area  of  response  becomes 
constricted  until  finally  it  is  sharply  locaUzed  to  the  point  directly 
stimulated.  These  findings  led  Krough  to  the  conviction  that  capil- 
lary tone  is  not  only  independent  of  the  blood  pressure  but  that  the 
spreading  of  the  effects  of  stimuli  is  due  to  axone  reflexes  which  are 
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probably  conveyed  along  sensory  fibers.  This  position  accords  with 
the  conception  of  Bruce  (33)  and  of  Bardy  (34)  that  inflammatory 
processes  resulting  from  the  appUcation  of  local  irritants  arejessentially 
due  to  axone  reflexes. 

All  the  chemical  substances  investigated  by  Krogh  (acetic  and 
carbonic  acid,  adrenaUn,  iodine,  urethane,  cocaine,  nicotin  and  amyl 
nitrite),  when  applied  directly  to  the  vascular  area  under  observation 
{the  frog's  tongue)  produced  capillary  dilatation.  The  same  result 
followed  from  the  application. of  heat,  of  cold  and  of  mechanical  stimu- 
lation. Electrical  stimulation  of  the  Ungual  nerve  was  without  effect. 
These  results  are  not  in  accord  with  the  findings  of  other  observers, 
as  will  be  noted  in  the  table  which  follows  (table  1),  nor  can  they  be 
readily  harmonized  among  themselves,  i.e.,  the  effects  of  heat  and  cold 
are  the  same.  Krogh  is  of  the  opinion  that  capillary  tonus  is  not  of 
nerv'ous  origin  but  must  depend  upon  some  constituent  of  the  blood, 
and  this  constituent  is  not  oxygen. 

In  1918  Hooker  (35)  showed  that  it  is  possible  to  demonstrate  an 
^appreciable  rise  of  venous  pressure  on  appropriate  stimulation  in  a 
preparation  when  the  arterial  pressure  was  zero.  The  preparation 
consisted  of  the  sigmoidal  area  of  the  large  intestine  in  dogs,  isolated 
except  for  its  nervous  connections  via  the  inferior  mesenteric  gangUon- 
After  the  blood  was  washed  out  by  perfusion,  the  artery  was  left  open 
and  the  drainage  vein  connected  with  a  water  manometer.  Direct 
electrical  stimulation  of  the  nerve  to  the  part  gave  a  rise  of  pressure 
of  7.5  cm.  bf  water,  indirect  stimulation  (asphyxiation)  acting  by  way 
of  the  medulla  gave  a  rise  of  4.5  cm.  of  water.  The  possibility  that  the 
response  obtained  was  due  to  activity  of  the  intestinal  musculature 
was  excluded  by  coincident  records  of  the  pressure  within  the  lumen 
of  the  gut  itself.  The  results  thus  obtained  were  regarded  as  substanti- 
ating the  existence  of  a  central  as  well  as  a  peripheral  venopressor 
mechanism.  Whether  the  contraction  was  in  the  larger  vein,  in  the 
venule  or  in  the  capillary,  or  in  all  of  them  together,  was  not  possible 
of  determination,  but  it  was  believed  that  the  arteriole  and  artery  were 
effectively  excluded.  In  our  present  knowledge  w^e  should  probably 
emphasize  the  participation  of  the  capillary  and  venule  although  the 
direct  evidence  is  not  at  hand  in  this  particular  experiment. 

In  the  hands  of  the  earlier  observers  chemical  stimuli  in  the  jnain 
produced  capillary  constriction.  Later  work  emphasizes  dilatation  as 
the  result  of  such  procedure.  The  following  table  summarizes  the 
substances  employed,  the  tissues  used,  the  results  obtained  and  the 
names  of  the  observers. 
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TABLE  1 
To  show  the  results  obtained  on  capillaries  by  various  observers  by  the  tise  of  different 

chemical  substances 


SUBflTANCE 
EMPLOTED 


Chloroform .  . 


Ammonia . . 


Alkali. 


Acetic  acid .  . 


Carbon 
dioxide . 


Alcohol, 
ether,  fer- 
ric chloride 


Heat. 


Cold. 


TI88UE8  OBSERVED 


Frog's  web  (intact) 
Frog's  mesentery  (intact) 


Frog's  nictitating  membrane   (iso- 
lated) 
Tadpole's  tail  (intact  and  isolated) 
Tadpole's  tail  (intact) 

Frog's  nictitating  membrane   (iso- 
lated) 
Tadpole's  tail  (intact  and  isolated) 

Frog's  nictitating  membrane  (iso- 
lated) 

Frog's  nictitating  membrane  (iso- 
lated) 

Frog's  mucous  membrane  of  mouth 
(isolated) 

Frog's  muscle  (isolated) 

Frog's  skin  (isolated) 

Tadpole's  tail  (isolated) 

Tadpole's  tail  (intact) 

Frog's  web  (isolated) 

Frog's  web  (isolated  and  intact) 

Frog's  tongue  (intact) 

Frog's  web  (intact) 

Guinea  pig's  mesentery 
Frog's  tongue  (intact) 
Frog's  web  (intact) 

Tadpole's  tail  (intact) 
Frog's  nictitating  membrane   (iso- 
lated) 
Frog's  web  (isolated  and  intact) 

P'rog's  web  (isolated  and  intact) 
Frog's  mesentery  (intact) 
Frog's  tongue  (intact) 
Frog's  web  (intact) 

Frog's  tongue  (intact) 


BE8ULTB  OBTAINED 

OBSERVERS 

Dilatation 

Lister 

Dilatation 

Roy  and 

Brown 

Constriction 

Strieker 

Constriction 

Strieker 

Constriction 

Tarchanoflf 

Constriction 

Strieker 

Constriction 

Strieker 

Constriction 

Golubew 

Constriction 

Tarchanoff 

Constriction 

Golubew 

Constriction 

Golubew 

Constriction 

Golubew 

Constriction 

Golubew 

Constriction 

Tarchanoflf 

Constriction 

Golubew 

Constriction 

Tarchanoff 

Dilatation 

Krogh 

Dilatation 

Lister 

Dilatation 

Severini 

Dilatation 

Krogh 

Dilatation 

Constriction 

Tarchanoff 

Constriction 

Tarchanoff 

Constriction 

Tarchanoff 

Constriction 

Tarchanoff 

Constriction 

Biedl 

Dilatation 

Krogh 

Dilatation 

Lister 

Dilatation 

Krogh 
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TABLE  1— Concluded 


BDBflTANOB 
KMPLOTBD 

TIWUKS  OBSBBVED 

KEBVVn  OBTAINBD 

OBSBBTBBS 

Oxygen 

Gold  salts,  etc. 

Guinea  pig's  mesentery 
Frog's  mesentery  (intact) 

Constriction 
Dilatation 

Severini 
Heubner 

Adrenalin 

Frog's  tongue  (intact) 
Himian  skin  (intact) 

Cat's  ear  (intact) 

Dilatation 
Constriction 

Constriction 

Krogh 
Cotton, 

Slade  and 

Lewis 
Hooker 

Histamine .  .  .| 

Himian  skin  (intact) 
Cat's  mesentery  (intact) 
Cat's  ear  (intact) 

Dilatation 
Dilatation 
Dilatation 

Solhnann 

Rich 

Hooker 

Mustard 

Oil  of  turpen- 
tine   

Cantharides. . . 
Croton  oil ... . 

Frog's  web  (intact) 

Frog's  web  (intact) 
Frog's  web  (intact) 
Frog's  web  (intact) 

Dilatation 

Dilatation 
Dilatation 
Dilatation 

Lister 

Lister 
Lister 
Lister 

Iodine s 

Frog's  web  (intact) 
Frog's  tongue  (intact) 

Dilatation 
Dilatation 

Lister 
Krogh 

Urethane 

Cocaine 

Nicotine 

Amy!  nitrite . . 

Frog's  tongue  (intact) 
Frog's  tongue  (intact) 
Frog's  tongue  (intact) 
Frog's  tongue  (intact) 

Dilatation 
Dilatation 
Dilatation 
Dilatation 

Krogh 
Krogh 
Krogh 
Krogh 

The  above  table  comprises  the  effects  of  various  substances,  most  of 
which  have  an  inconspicuous,  evanescent  effect.  In  the  case  of  two 
of  them,  however,  gold  salts  and  histamine,  the  effect  is  striking  and 
permanent.  Heubner  (36)  especially  has  shown  that  the  intravenous 
injection  of  the  double  chloride  of  gold  and  sodium  produces  a  shock- 
like prostration  accompanied  by  a  remarkable  engorgement  and  stasis 
of  the  capillaries  and  veins.  Post-mortem  examination  showed,  in 
the  case  of  mammals,  distended  and  conspicuous  veins  which  could 
be  traced  as  fine  twigs  onto  the  surface  of  the  intestine.  The  peritoneal 
surfaces  were  injected  and  the  mucous  membrane  had  a  similar  hyper- 
emic  appearance.  Microscopically  all  the  tissue  exhibited  an  extensive 
dilatation  of  the  venules  and  capillaries,  and  not  infrequently  ecchy- 
motic  areas.  The  small  arteries  were  everywhere  strongly  contracted, 
usually  with  completely  occluded  lumina. 
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In  frogs  Heubner  was  able  to  observe  a  picture  much  like  the  above 
develop  under  the  microscope.  Curarized  frogs  were  prepared  to 
observe  the  mesenteric  circulation  and  doses  of  the  double  gold  gait 
equivalent  to  0.25  mgm.  metallic  gold  were  injected  intravenously. 
During  the  injection  the  vascular  picture  remained  unchanged.  In  a 
minute  or  less  after  the  injection  there  developed  a  sudden  and  extreme 
increase  in  the  niunber  of  capillaries  visible  and  at  the  same  time  the 
intestine  assumed  an  intensely  red  color.  Shortly  after  this  change 
the  circulation  came  to  a  complete  standstill.  These  results  indicate 
that  the  substance  used  is  an  endothelial  poison  which  primarily  attacks 
the  capillaries  and  venules.  The  dilatation  and  engorgement  of  the 
large  veins  suggest  also  that  these  vessels  are  affected.  How  far  the 
effects  observed  are  dependent  on  the  central  nervous  system  is  an 
open  question.  And  it  seems  quite  improbable,  as  Heubner  points  out, 
that  the  pictiire  is  developed  simply  as  a' result  of  arteriolar  dila- 
tation since  vasomotor  paralysis,  so  far  as  is  known,  does  not  establish 
a  hyperemia  with  a  tendency  to  ecchymosis. 

A  similar  type  of  reaction  has  been  predicated  by  Dale  (15)  and  his 
co-workers  for  histamine.  It  is  true  that  these  investigators  were 
unable  to  present  direct  evidence  of  the  toxic  action  of  histamine  on 
capillary  endothelium;  nevertheless  their  indirect  evidence  is  so  strong 
that  one  does  not  hesitate  to  accept  their  conclusions. 

Histamine  (jS-Iminazolylethylamine)  is  a  substance  first  isolated  from 
ergot  but  subsequently  prepared  by  decarboxylation  of  histadine  and  now 
beUeved  by  some  to  occur  in  various  animal  tissues  (37) .  It  exhibits  the 
paradoxical  action  of  intensively  stimulating  smooth  muscle  and  yet, 
when  introduced  into  the  blood  stream  of  cats  and  dogs,  of  causing  a 
profound  and  fatal  depression  of  the  arterial  blood  pressure.  The 
paradox  is  accentuated  by  the  fact  that  isolated  arterial  strips,  like 
smooth  muscle  derived  from  the  uterus  and  other  parts  of  the  body, 
when  brought  into  contact  with  solutions  containing  this  substance, 
respond  with  powerful  contraction.  The  signs  and  symptoms  pre- 
sented by  an  anesthetized  animal  acutely  poisoned  with  histamine 
(about  6  mgm.  per  kilo  intravenously)  resemble  in  many  respects  the 
condition  of  traumatic  shock.  Dale  and  his  co-workers,  by  reasoning 
and  experiments,  reached  the  conclusion  without  observation  of  the 
vessels  concerned,  that  histamine  is  a  capillary  poison  producing  an 
effect  upon  the  general  circulation  analogous  to  that  established  by  the 
injection  of  gold  salts.  Cannon  (38)  had  previously  presented  evidence 
that  the  capillaries  are  packed  with  red  cells  in  wound  shock  and  postu- 
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lated  this  condition  of  ''exemia'^  as  the  causative  factor  in  the  condition. 
This  conclusion  has  since  been  confirmed  by  Rich  (39)  and  by  the 
present  writer  (17).  Rich  developed  a  method  by  which  he  could  obtain 
instant  fixation  of  the  omental  tissues  in  situ.  He  was  then  able  to 
study  the  vascular  picture  under  the  microscope  after  the  omentum 
had  been  removed  and  spread  upon  a  sUde.  Preparations  made  in 
this  manner  at  various  times  after  the  intravenous  injection  of  histamine 
in  cats  and  controlled  by  specimens  in  which  physiological  salt  solution 
was  injected  gave  clear  evidence  that  an  inmiediate  effect  of  the  his- 
amine  was  to  increase  greatly  the  number  and  size  of  the  capillaries. 

Similarly  I  have  been  able  to  show  by  photographs  of  the  capillaries 
in  the  cat's  ear  that  here  too  histamine  causes  a  profound  dilatation 
of  the  capillaries  and  venules.  The  vessels  of  this  area  may  be  less 
sensitive  than  in  the' omentum;  at  any  rate  I  frequently  observed  that 
the  dilatation  due  to  histamine  was  preceded  by  a  period  of  constriction. 
This  constriction  was  usually  fleeting  in  character  and  while  of  con- 
siderable moment  in  regard  to  capillary  function  is  not  to  be  regarded 
as  disputing  the  hypothesis  of  histamine  action  under  discussion.  In 
connection  with  my  observation  that  histamine  dilates  the  venules 
as  well  as  the  capillaries,  it  is  of  interest  to  point  out  that  measurement 
of  the  venous  pressure  in  these  experiments  showed  a  fall  of  venous 
pressure  corresponding  in  magnitude  to  the  drop  in  arterial  pressure. 
Dale  states  that  the  portal  venous  system  is  collapsed  and  empty.  It 
follows  therefore  that  the  dilatation  of  capillaries  and  venules  must  be 
able  to  accommodate  a  very  considerable  amoimt  of  blood  since  the 
pressure  both  in  artery  and  vein  falls  too  quickly  to  be  wholly  accounted 
for  by  transudation  of  plasma  into  the  tissue  spaces. 

Histamine,  as  Dale  pointed  out,  does  not  abolish  arterial  vaso- 
constriction upon  sensory  nerve  stimulation.  It  does,  however,  com- 
pletely depress  the  response  of  capillary  and  venule  to  peripheral  nerve 
stimulation,  as  will  shortly  be  emphasized,  indicating  again  its  potency 
as  a  poison  for  the  capillary  endothelium. 

The  present  writer  has  found  that,  using  Lombard's  method  (40)  of 
a  drop  of  oil  upon  the  skin,  the  cat  and  other  animals  can  be  used 
advantageously  in  studying  the  capillary  circulation.  After  the  inner 
surface  of  the  ear  of  a  cat  with  non-pigmented  skin  has  been  shaved, 
cleaned  and  dried,  the  pinna  is  spread  out  and  sealed  to  the  board  so 
that  its  surface  is  flat  and  slightly  below  the  level  of  the  heart.  A 
drop  of  castor  oil  is  flooded  over  the  area  to  be  studied  and  with  direct 
illumination  the  microscope  reveals  an  exquisite  capillary  net  about 
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the  hair  follicles,  in  which  corpuscular  flow  can  be  readily  visualized. 
In  addition  to  the  capillaries,  venules  can  be  seen  but,  in  the  ear,  the 
arterioles  are  not  visible  presumably  because  they  lie  deeper  in  the 
tissue.  The  nictitating  membrane  gives  an  even  more  beautiful 
vascular  picture,  showing  arterioles,  capillaries  and  venules,  but  is  not 
adapted  for  experimental  procedure  because  in  the  anesthetized  living 
animal  it  cannot  readily  be  brought  below  the  heart  level  and  studied. 
The  level  of  the  vessels  with  respect  to  the  heart  is  of  prime  importance 
because,  using  low  power  magnification  (70  X),  the  vessels  are  not 
\isualized  as  such  but  by  their  contained  blood.  Thus  the  capillaries 
and  venules  are  assumed  to  contract  when  they  empty  of  blood.  When 
these  vessels  are  below  the  heart  level  they  are  subject  to  a  hydrostatic 
column  of  venous  blood.  Constriction  of  the  arterioles  alone,  therefore, 
could  not  empty  them,  and  if  they  do  empty  or  appreciably  change 
their  size  as  the  result  of  experimental  procedure,  the  change  must  be 
due  to  inherent  acti\ity  in  the  vessels  themselves. 

Objection  may  be  made  to  this  assumption  on  the  ground  that  arterial 
constriction  could  block  the  entrance  of  red  blood  cells  into  the  capil- 
laries and  still  allow  the  passage  of  plasma,  the  effect  of  which  would 
be  to  wash  out  any  red  cells  l>ang  in  the  capillary  channels.  Lister, 
who  was  one  of  the  first  to  study  capillary  function,  indeed  made  this 
objection  to  one  of  his  own  experunents  on  the  frog  in  1858.  In  the 
present  case,  however,  the  objection  is  not  valid,  as  will  be  made  clear 
by  what  follows. 

When  an  anesthetized  cat  is  placed  on  a  flat  animal  holder,  the 
capillaries  of  the  ear  lie  about  2  cm.  below  the  heart  level  and  are  there- 
fore subject  to  a  venous  hydrostatic  pressure  of  2  cm.  of  blood.  Under 
these  conditions,  if  the  arterial  supply  to  the  vascular  area  under  obser- 
vation is  mechanically  shut  off  so  that  there  is  no  corpuscular  movement 
in  the  capillaries,  the  latter  vessels  do  not  empty.  If  now,  instead  of 
occluding  the  artery,  the  animal  be  promptly  killed  by  an  overdose  of 
anesthetic,  in  the  course  of  a  few  minutes  the  capillaries  and  venules 
will  be  emptied  almost  completely  of  blood.  This  emptying  takes 
place  by  a  movement  of  blood  from  the  arterial  to  the  venous  side  of 
the  capillary  net.  After  some  time,  fifteen  minutes  or  more,  the  vessels 
again  fill  and  it  may  be  seen  that  they  fill  from  the  venous  side  of  the 
bed.  After  a  further  period  of  time  roughly  coincident  with  the  onset 
of  skeletal  muscle  rigor,  the  capillaries  and  venules  again  empty  and 
thereafter  remain  empty. 
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This  observation,  subject  to  certain  exceptions  which  need  not  be 
considered  here,  may  be  readily  repeated.  It  shows  in  the  first  place 
that  the  capillaries  and  venules  function  independently  of  arterial 
pressure  changes,  as  was  first  clearly  emphasized  by  Roy  and  Brown; 
and  in  the  second  place  it  shows  that  the  removal  of  corpuscles  from 
these  vessels  is  in  no  sense  necessarily  dependent  upon  their  being 
washed  out  by  a  stream  of  plasma. 

In  the  research  now  under  discussion  certain  other  facts  were  pre- 
sented which  are  of  importance  to  our  main  thesis  and  which  for  the 
first  time  correlate  and  extend  the  earlier  observations  on  the  frog  to 
the  mammal.  The  post-mortem  movement  of  the  blood  in  the  capil- 
laries and  venules  under  the  conditions  as  defined,  is  clear  evidence  of 
the  functional  activity  of  these  vessels.  In  the  tip  of  the  ear,  composed 
of  skin  with  a  few  scattered  hair  follicles  overlying  a  cartilaginous  base, 
and  placed  below  the  heart  level,  the  only  force  which  can  cause  such 
corpuscular  movement  must  be  in  the  endothelium  of  the  capillaries 
and  venules.  The  development  of  a  similar  corpuscular  movement 
by  other  procedures  must  likewise  be  ascribed  to  endotheUal  activity. 
Of  the  two  post-mortem  capillary  constrictions  above  described,  the 
first  is  in  all  probability  asphyxial  in  origin  and  may  contribute  in  no 
small  degree  to  the  well-recognized  asphyxial  rise  of  arterial  and  venous 
blood  pressure.  So  ready  an  explanation  of  the  second  constriction  is 
not  at  hand.  Its  onset  coincident  with  the  development  of  skeletal 
muscle  rigor  suggests  the  possibility  of  a  relationship  to  some  similar 
change  in  endotheUum.  There  is,  however,  at  the  present  time,  no 
scientific  basis  for  such  a  suggestion. 

Of  foremost  importance  to  the  theory  of  capillary  function  is  the 
effect  produced  by  nerve  stimulation.  If  the  cervical  sympathetic 
be  sectioned  and  stimulated  in  the  cat,  there  occurs  first  a  cessation 
of  corpuscular  flow  due,  it  may  be  assumed,  to  arteriolar  constriction. 
Then  the  corpuscles  begin  to  clxmip  and  to  move  forward  in  an  irregular 
manner  so  that  in  the  relatively  brief  time  that  the  stimulus  (electrical) 
is  continued,  the  field  of  observation  is  wiped  quite  clean  of  corpuscles. 
Promptly  after  the  cessation  of  the  stimulus  corpuscles  appear  a^ain 
from  the  arterial  side  and  the  flow  is  even  more  abundant  than  before 
the  stimulation.  This  result  can  be  repeated  many  times  on  the  same 
preparation  without  any  indication  of  fatigue,  and  appears  to  be  con- 
clusive evidence  that  the  capillaries  and  venules  are  subject  to  nervous 
control.  Figure  2  reproduced  the  photographs  taken  in  such  an 
experiment. 
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While  it  was  not  shown  in  this  investigation  that  section  of  the 
cervical  sympathetic  in  the  anesthetized  cat  caused  new  capillaries  to 
open  up  or  the  capillaries  already  present  to  appreciably  dilate,  it  was 
observed  that  subsequent  to  the  nerve  stimulation  there  was  a  very 
definite  increase  in  capillary  size.  This  result  is  suggested  in  the  above 
figure  but  owing  to  the  uncertainty  of  focus  the  size  of  vessels  so  repro- 
duced is  not  wholly  trustworthy.    Photographs  are  to  be  relied  upon 


Fig.  2.  Constriction  of  capillaries  and  venules  by  electrical  stimulation  of 
the  cervical  sympathetic.  Magnification  90  X.  Cat  a,  before;  6,  during;  and 
c,  after  stimulation.    The  negatives  have  not  been  retouched. 

only  when  the  vessels  or  sections  of  them  are  present  or  absent  or  when 
the  change  in  the  size  is  very  conspicuous.  Nevertheless  it  is  readily 
possible  to  see  by  direct  observation  the  changes  above  described. 
Further  support  for  the  contention  that  nerve  impulses  play  upon  and 
influence  capillary  tone  is  found  in  the  action  of  epinephrin.  Epi- 
nephrin  is  today  generally  accepted  as  acting  only  on  tissues  with 
sympathetic  innervation.    If  3  cc.  of  1:50,000  adrenalin  solution  be 
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injected  intravenously,  the  capillary  bed  behaves  much  as  it  does  in 
the  case  of  nerve  stimulation,  that  is  to  say,  the  corpuscles  stop,  clump 
and  then  slowly  and  irregularly  move  out  of  the  field.  There  can  be 
little  doubt,  especially  if  the  process  is  observed  directly  with  the  eye, 
that  the  events  here  described  are  directly  dependent  upon  a  functional 
response  of  the  endothelium. 

The  above  result  with  epinephrin  is  not  in  agreement  with  Krogh^s 
experiments  on  the  frog.  Krogh  found  that  the  application  of  0.1  per 
cent  adrenalin  to  the  surface  of  the  tongue  exposed  for  view  under  the 
microscope  produced  hyperemia.  This  capillary  dilatation  sometimes 
occurred  independently  of  arterial  response  but  usually  the  smaller 
arteries  dilated  also.  This  dilatation  of  the  smaller  arteries  suggests 
that  the  effective  concentration  might  have  corresponded  to  the  usual 
dilator  dose.  Since  Krogh  was  able  to  cstabUsh  this  capillary  effect 
as  independent  of  arterial  change,  it  may  be  surmised  that  the  substance 
produces  a  reaction  in  the  capillaries  and  venules  in  proportion  to  its 
strength,  as  is  the  case  of  its  effect  on  the  systemic  blood  pressure. 

It  is  of  considerable  interest  that  these  results  also  confirm  Dale's 
hypothesis  that  histamine  is  a  capillary  poison.  The  intravenous 
injection  of  histamine  (ergamine  phosphate,  6  mgm.  per  kilo)  in  the 
anesthetized  cat  causes  a  sudden  fall  in  arterial  and  venous  blood  pres- 
sure from  which  recovery  may  or  may  not  take  place.  Direct  obser- 
vation of  the  capillaries,  as  well  as  photographs,  shows  that  coincident 
with  these  blood  presssure  changes  there  is  a  corresponding  dilatation 
of  the  capillaries  and  venules.  Rich  has  shown  the  same  change  in  the 
omental  vessels  by  another  method. 

The  toxic  effect  of  this  substance  is  emphasized  not  alone  in  the 
dilatation  of  the  capillaries  and  venules  which  it  produces,  but  also  in 
its  inhibition  of  the  normal  vascular  responses.  In  an  animal  which 
has  been  killed  by  a  lethal  dose  of  histamine,  the  capillaries  and  venules 
are  promptly  dilated  and  remain  so  indefinitely.  Thus  they  fail  to 
shTJW  the  primary  constriction  which  has  been  described  above  as 
asphyxial  in  origin,  or  the  secondary  constriction  which  is,  under  ether 
death,  coincident  with  the  onset  of  skeletal  muscle  rigor,  although 
animals  killed  with  histamine  develop  skeletal  rigor  as  readily  as  do 
the  others.  Similarly  the  injection  of  histamine  develops  such  a  con- 
dition in  the  capillaries  and  venules  that  nerve  stimulation  and  the 
intravenous  injection  of  epinephrin  are  entirely  without  effect  although 
it  may  be  easily  shown,  as  was  pointed  out  by  Dale,  that  epinephrin 
injection  and  the  stimulation  of  sensory  nerves  elicit  an  arterial  blood 
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pressure  rise  comparable  to  that  obtained  before  the  injection  of  his- 
tamine. This  arterial  blood  pressure  rise  after  histamine,  due  to  the 
constriction  of  the  arterioles,  since  it  does  not  aflfect  the  capillaries  and 
venules,  justifies  again  the  assertion  that  when  the  capillaries  and 
venules  do  respond  to  experimental  procedure  such  response  must  be 
» an  active  one  and  not  passive  to  changes  in  the  caliber  of  the  arterioles 
and  therefore  in  the  pressure  and  volume  of  blood  suppUed  to  them. 

In  the  foregoing  pages  we  have  sketched  the  development  of  our 
knowledge  of  the  function  of  the  capillaries  and  venules,  and  find  that 
today  we  have  a  considerable  mass  of  evidence  indicating  that  the 
behavior  of  these  vessels  must  be  of  very  great  functional  significance 
although  their  cooperation  in  vascular  reflexes  has  not  hitherto  been 
considered.  The  work  of  Roy  and  Brown,  and  quite  recently  that  of 
Krogh  and  of  Danzer  and  Hooker,  has  indicated  the  abiUty  of  the 
capillary  bed  to  respond  to  local  tissue  needs  by  dilatation  when  tissue 
conditions  tend  toward  asphyxiation,  by  constriction  when  such  local 
needs  have  been  satisfied.  Thus  there  is  a  constant  play  of  function 
opening  up  and  closing  various  capillary  channels  in  response  to  the 
metaboUc  state  of  the  environment.  When  the  capillary  lumen  is 
closed  it  may  be  quite  empty  of  corpuscles,  as  noted  by  Krogh  for 
resting  muscle,  or  it  may  be  packed  with  stagnated  corpuscles  as  noted 
by  Danzer  and  Hooker  for  the  cutaneous  capillaries  of  man.  One 
would  expect  therefore  that  such  changes,  while  ordinarily  balancing 
one  another  in  different  parts  of  the  body,  might  under  special  conditions 
exert  a  profound  effect  both  upon  the  distribution  of  the  whole  blood 
and  upon  its  partition  between  corpuscular  elements  and  plasma. 
Cannon  and  Dale  have  emphasized  the  fimdamental  significance  of 
the  capillary  bed  in  different  fonAs  of  "shock,'*  and  Thaysen  (41),  in 
a  communication  which  has  not  been  available  to  the  writer,  has 
ascribed  a  remarkable  variation  in  the  red  cell  count  in  a  case  of  poly- 
cythemia to  alterations  in  the  tone  of  the  capillaries  and  precapillaries 
of  the  skin.  Thaysen  is  reported  to  have  observed  the  red  cell  count 
to  rise  from*  5.3  miUion  to  10.6  miUion  in  a  period  of  twelve  hours,  a 
reaction  not  unlike  that  found  by  Lamson  (42)  to  follow  the  injection 
of  massive  doses  of  epinephrin  in  experimental  animals.  Lamson  has 
located  the  polycythemic  reaction  to  epinephrin  in  the  liver  and  inclines 
to  the  view  that  the  increased  red  cell  coimts  found  after  epinephrin, 
exercise  and  other  experimental  procedures  are  due  to  blood  concen- 
tration rather  than  to  the  washing  into  the  circulation  of  cells  stored 
in  quiescent  vascular  areas,  as  suggested  by  Snyder  and  Havens  (43). 
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In  either  case  the  capillary  bed  appears  responsible  for  the  changes 
observed. 

We  have  seen  that  the  capillary  bed  is  responsive  to  both  chemical 
and  nervous  influences.  Broadly  speaking,  we  may  say  that  chemical 
factors,  so  far  as  they  have  been  studied,  mediate  dilatation  of  the 
capillaries  and  venules,  while  nerve  stimulation  mediates  constriction 
of  these  vessels.  Both  these  factors  have  long  been  recognized  as 
participating  in  vascular  reactions,  but  only  in  recent  times  have  they 
come  to  be  specifically  located  in  their  effects  upon  the  capillar>^  and 
venule,  that  is,  upon  that  section  of  the  vascular  bed  which  is  composed 
of  bare  endothelium.  We  may  believe  that  the  chemical  regulation  is 
usually  local  in  character,  producing  changes  in  accordance  with  the 
passing  needs  of  particular  tissues,  and  that  only  in  special  or  patho- 
logical conditions  does  the  reaction  extend  to  the  body  as  a  whole. 
In  accordance  with  this,  view  we  might  regard  the  nervous  control 
as  a  force  tending  to  restrict  the  capillary  beds  over  the  body  as  a 
whole,  thus  maintaining  a  tone  to  be  played  upon  by  chemical  factors. 
But  the  story  is  far  from  complete  and  much  remains  to  be  done. 
This  much,  however,  appears  true,  that  we  must  reorganize  our  con- 
ception of  the  peripheral  resistance.  Hitherto  the  functional  peripheral 
resistance  has  been  limited  to  the.  arteriole,  the  caliber  of  which  is 
controlled  by  a  muscular  coat  subject  to  nervous  and  chemical  influ- 
ences. The  resistance  to  the  flow  of  blood  by  the  capillary  and  venule 
has  been  regarded  as  essentially  fixed.  Now  we  know  that  beyond  the 
arteriole  the  capillary  and  venule  function  actively  and  must  therefore 
participate  directly  in  vascular  reactions.  Whether  it  will  be  shown 
tliat  these  several  areas  of  the  peripheral  vascular  bed  function  inde- 
pendently of  one  another  is  an  interesting  question  for  the  future. 

BIBLIOGRAPHY 

(1)  Mann:  Blood  vessels.    Quain's  Anatomy,  London,  1912,  ii,  part  i,  328. 

(2)  Sabin:  The  origin  and  development  of  the  lymphatic  system ♦    Johns  Hop- 

kins Hosp.  Repts.,  1916,  xvii,  347. 

(3)  Etster  and  Hooker:   Direct  and  reflex  response  of  the  cardio-inhibitory 

center  to  increased  blood  pressure.    Amer.  Journ.  Physiol.,  1908,  xxi, 
373. 

(4)  Bainbridge:    The  influence  of  venous  filling  upon  the  rate  of  the  heart. 

Journ.  Physiol.,  1915,  1,  65. 

(5)  Starling  :  Human  physiology,  Philadelphia,  1920,  1069. 

(6)  Bayliss:  Capillary  circulation.     Science  Progress,  1919-20,  xiv,  272. 


Digitized  by 


Google 


FUNCTIONAL   ACTIVITY  OF  CAPILLARIES  AND   VENULES  139 

(7)  Stbickbr:  Vorlesungen  iiber  die  allgemeine  und  experimentelle  Pathologie, 

Wien,  1883,  675. 

(8)  Rouget:  Memoire  sur  le  Developpment,  la  Structure  et  les  Proprietes  Phys- 

iologiques  des  Capillaries  Sanguins  et  Lymphatiques.    Arch.  d.  Phys- 
iol. Normal  et  Path.,  1873,  v,  603. 

(9)  GoLUBEw:    Beitr&ge  zur  Kenntnis  des  Baues  und  der  Entwicklungsge- 

schichte  der  Capillargef^se  des  Frosches.    Arch.  f.  mikros.  Anat., 
1869,  V,  49. 

(10)  Tarchanofp:    Beobachtungen  ttber  contractile  elemente  in  den  Blut  und 

Lymphcapillaren.    Pfltiger's  Arch.,  1874,  ix,  407. 

(11)  Severini:  Recerche  suUa  innervazione  dei  vasi  sanguini.    Perugia,  1878. 

(12)  Mayer:  Ueber  die  blutleeren  Gefasse  im  Schwanze  der  Batrachierlaven. 

Sitzungsb.  d.  math,  naturwis.  Classe  d.  Kaiserl.  Akad.  d.  Wiss.  in 
Wien,  1885,  sci.  abth.  iii,  204. 

(13)  Steinach  and  Kahn:  Echte  Contractilit&t  und  Motorische  Innervation 

der  Blutcapillaren.    Pfltiger's  Arch.,  1903,  xcvii,  105. 

(14)  Roy  and  Brown:  The  blood  pressure  and  its  variations  in  the  arterioles, 

capillaries  and  smaller  veins.    Joum.  Physiol.,  1879,  ii,  323. 

(15)  Dale  and  Richards  :  The  vasodilator  action  of  histamine  and  of  some  other 

substances.    Joum.  Physiol.,  1918,  Iii,  110. 
Dale  and  Laidlaw:  Histamine  shock.    Joum.  Physiol.,  1918,  Hi,  355. 
Dale,  Laidlaw  and  Richards:   Traumatic  toxaemia  as  a  factor  in  shock. 

Med.  Research  Com.,  Special  Rept.  Series  no.  26,  8. 

(16)  Krogh:  The  number  and  distribution  of  the  capillaries  in  muscles,  etc. 

Joum.  Physiol.,  1919,  Hi,  409. 

Krogh:  The  supply  of  oxygen  to  the  tissues  and  the  regulation  of  the  capil- 
lary circulation.    Joum.  Physiol.,  1919,  Hi,  457. 

Krogh :  Studies  on  the  capiHarimotor  mechanism.  I.  The  reaction  to  stim- 
uli and  the  innerxation  of  the  blood  vessels  in  the  tongue  of  the  frog. 
.  Journ.  Physiol.,  1920,  liii,  399. 

(17)  Hooker:  The  functional  activity  of  the  capillaries  and  venules.    Amer. 

Joum.  Physiol.,  1920,  liv,  30. 

(18)  Clark:  Observations  on  living  growing  lymphatics  in  the  tail  of  the  frog 

larva.    Anat.  Record,  1909,  iii,  183. 

(19)  Biedl:  Quoted  from  Steinach  and  Kahn. 

(20)  Fleisch  :  Zusammenfassende  Betrachtungen  uber  die  Frage  nach  der  Exis- 

tenz  einer  aktiven  Forderung  des  Blutstromes  durch  die  Arterien. 
Schweizerische  Med.  Wochenschr.,  1920,  June  10,  323. 

(21)  Hess:  Untersuchungen  Uber  den  Antrieb  des  Blutstromes  durch  aktiven 

Gefasspulsationen.    Pfltiger's  Arch.,  1919,  clxxiii,  243. 

(22)  Danzer  and  Hooker:  Determination  of  the  capillary  blood  pressure  in 

man  with  the  microcapillary  tonometer.    Amer.  Joum.  Physiol.,  1920, 
Hi,  136. 

(23)  Connet:  The  effect  of  adrenalin  on  the  venous  blood  pressure.    Amer. 

Journ.  Physiol.,  1920,  Hv,  96. 

(24)  GuNN  and  Chavasse:  The  action  of  adrenalin  on  veins.    Proc.  Roy.  Soc, 

1913,  Ixxxvi,  B,  192. 


Digitized  by 


Google 


140  D.    R.   HOOKER 

(25)  Lister:  On  the  early  stages  of  inflammation.    Phil.  Trans.,  1858,  cxlviii, 

645. 

(26)  Roy:  See  Roy  and  Brown,  loc.  cit. 

(27)  Marey:  Quoted  from  La  Circulation  du  Sang,  Paris,  1881,  377. 

(28)  MtlLLER:  Studien  liber  den  Dermatographismus  und  dessen  diagnostische 

Bedeutung.    Deutsch.  Zeitschr.  f.  Nervenheilk.,  1913,  xlvii-xlviii,  413. 

(29)  Ryan:  The  quantitative  measurement  of  general  fatigue.    Amer.  Journ. 

Physiol.,  1918,  xlv,  537. 

(30)  Cotton,   Slade   and  Lewis  :  Observations  upon   dermatographism  with 

special  reference  to  the  contractile  power  of  capillaries.    Heart,  1917, 
vi,  227. 

(31)  Briscoe:  Observations  on   venous  and   capillary   pressures'  with   special 

reference  to  "Raynaud  Phenomena."    Heart,  1918,  vii,  35. 

(32)  Hooker:  Observations  on  the  venous  blood  pressure  in  man.    Amer.  Journ. 

Physiol.,  1914,  xxxv,  73. 

(33)  Bruce:  Vaso-dilator  axon-reflexes.    Quart.  Journ.  Exper.  Physiol.,  1913, 

vi,  339. 

(34)  Bardy:  Ueber  Hemmung  inflammatorischer  Symptome.    Skand.  Arch.  f. 

Physiol.,  1915,  xxxii,  198. 

(35)  Hooker:  The  veno-pressor  mechanism.    Amer.  Journ.  Physiol.,  1918,  xlvi, 

591. 

(36)  Heubner:  Ueber  Vergiftung  der  Blutcapillaren.    Arch.  f.  Exper.  Path.  u. 

Pharm.,  1907,  Ivi,  370. 

(37)  Abel  and  Kubota:  On  the  presence  of  histamine  in  the  hypophysis  cere- 

bri and  other  tissues  of  the  body,  etc.    Journ.  Pharm.  Exper.  Therap., 
1919,  xiii,  243. 

(38)  Cannon:  A  consideration  of  the  nature  pf  wound  shock.    Journ.  Amer. 

Med.  Assoc,  1918,  Ixx,  611. 

(39)  Rich:  Personal  communication.    Article  to  appear  shortly  in  Journ.  Exper. 

Med. 

(40)  Lombard:  The  blood  pressure  in  the  arterioles,  capillaries  and  small  veins 

of  the  human  skin.    Amer.  Journ.  Physiol.,  1912,  xxix,  335. 

(41)  Thaysen:  Ugeskrift  f.  Laeger,  1920,  Ixxxii,.  473.    Abstract,  Journ.  Amer. 

Med.  Assoc,  1920,  Ixxv,  70.  \    ' 

(42)  Lamson:  The  part  played  by  the  liver  in  the  regulation  of  blood  volume 

and  red  corpuscle  concentration  in  acute  physiological  conditions. 
Journ.  Pharm.  Exper.  Therap.,  1920,  xvi,  125. 

(43)  Snyder  and  Havens:  Changes  in  the  blood  after  muscular  activity  and 

during  training.    Amer.  Journ.  Physiol.,  1915,  xxxvi,  239. 

(44)  SoLLMANN    AND    Pilcher:  Eudcmic    reactions.    Journ.    Pharm.    Exper. 

Therap.,  1917,  ix,  309;  1917,  ix,  350;  1917,  x,  147. 


Digitized  by 


Google 


THE  CARBON  DIOXIDE  CARRIERS  OF  THE  BLOOD 

DONALD   D.  VAN   SLYKE 

The  Hospital  of  The  Rockefeller  Institute  for  Medical  Research 

The  arterial  blood  of  man  normally  contains  about  50  volumes  per 
cent  of  carbon  dioxide,  the  venous  about  55  to  60.  A  pure  solution 
containing  50  volumes  per  cent  of  carbon  dioxide  would  have  a  hydro- 
gen ion  concentration  of  3.1  X  10~*.  Yet  in  the  blood  the  hydrogen 
ion  concentration  is  only  id^oo  as  great,  and  the  difference  between 
arterial  and  venous  blood  is  so  slight  as  to  be  barely  within  the  limits 
of  measurement  by  our  most  sensitive  methods.  The  purpose  of  the 
present  paper  is  to  discuss  the  chemical  mechanism  by  which  blood  is 
enabled  to  carry  its  allotted  load  of  carbon  dioxide,  and  nevertheless 
mainta.in  its  hydrogen  ion  concentration  at  such  a  low  and  remarkably 
constant  level. 

Briefly  stated,  the  organism  utilizes  two  properties  of  certain  con- 
stituents to  set  the  blood  pH^  at  the  physiological  point  and,  to  main- 
tain it  near  that  point  despite  variations  in  CO2  content  such  as  occur 
in  the  change  from  venous  to  arterial  blood.  One  of  these  properties 
is  the  buffer  action  of  the  bicarbonate  and  the  proteins  in  the  plasma,  *- 
and  of  bicarbonate,  proteins,  and  phosphates  in  the  cells.  The  other 
property  is  the  change  from  a  relatively  weak  acid  to  a  relatively 
strong  one  which  hemoglobin  undergoes  when  it  changes  from  the 
reduced  to  the  oxidized  form.  We  shall  discuss  these  factors  sepa- 
rately, and  then  attempt  to  outline  the  manner  in  which  they  combine 

*  In  speaking  of  reaction  or  hydrogen  ion  concentration  we  shall  in  this  paper 
express  data  in  the  terms  of  pH  introduced  by  Soerensen  (1912)  and  generally 
adopted  because  of  their  convenience.  The  pH  at  a  given  reaction  is  the  nega- 
tive logarithm  of  the  normality  of  the  hydrogen  ion  concentration.  The  hydro 
gen  ion  concentration  of  a  0.01  N  HCl  solution,  for  example,  is  approximately 
0.01  N,  since  the  dissociation  of  HCl  into  H+  and  CI'  is  practically  complete. 
0.01  is  10-2.  The  logarithm  of  lO"*  is  of  course  -  2.  The  pH  of  0.01  N  HCl 
solution  is  therefore  2.  The  pH  of  water  is  almost  exactly  7,  which  therefore 
represents  the  neutral  reaction..  A  pH  greater  than  7  indicates  an  alkaline 
reaction,  less  than  7  an  acid  reaction.  The  reaction  of  normal  blood  at  pH  7.35 
is  therefore  slightly  alkaline. 
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to  enable  the  organism  to  meet  both  ordinary  and  extraordinary 
demands  upon  it  for  transport  of  carbon  dioxide,  and  still  maintain 
almost  absolute  constancy  of  hydrogen  ion  concentration  in  the  blood. 

FORMS  IN  WHICH  CARBON  DIOXIDE   IS  CARRIED  IN  THE   BLOOD 

There  are  four  forms  which  CO2  may  assume  in  a  solution,  viz.,  dis- 
solved anhydrous  carbon  dioxide,  carbonic  acid,  bicarbonate,  and 
carbonate.  Using  B  to  indicate  a  monovalent  base,  such  as  Na  or  K, 
these  forms  are  indicated  by  the  molecular  formulas,  CO2,  H2CO3, 
BHCO3,  and  B2CO3  respectively.  Concerning  the  equilibrium  between 
the  first  two  forms,  CO2  and  H2CO3,  we  are  uncertain.  We  can,  how- 
ever, assume  that,  if  all  the  CO2  in  pure  water  solution  is  not  changed 
to  H2CO3,  at  least  a  constant  proportion  of  it  is.  The  reaction  for  the 
change  is 

CO2  +  H2O  =  H2CO8. 

From  the  mass  law  the  conditions  for  equilibrium  are 

(Concentration  of  CO2)   X   (Concentration  of  H2O)    =   Constant  X 
(Concentration  of  H2CO3). 

The  H2O  concentration  is  constant,  however,  so  the  above  equation 
becomes: 

Concentration  of  CO2  =  Constant  X  Concentration  of  H2CO3. 

Since  the  H2CO3,  therefore,  either  represents  all  the  CO2  not  bound 
by  bases,  or  represents  a  constant  portion  of  it,  it  is  customary  in  the 
study  of  equilibrium  to  assume  that  all  of  the  CO2  is  in  the  form  H2CO3. 
All  calculations  of  the  acid  dissociation  constant  of  H2CO3  have  been 
based  on  this  assumption,  and  no  errors  are  introduced  if  in  the  use  of 
this  constant  the  same  assumption  is  consistently  made. ,  Throughout 
the  present  paper,  therefore,  we  shall  follow  the  custom  of  indicating 
all  the  dissolved  CO2  not  bound  by  bases  as  H2CO3.. 

Of  the  other  two  forms,  BHCO3  and  B2CQ3,  only  the  bicarbonate 
can  exist  in  significant  quantities  in  solutions  containing  as  much 
H2CO3  as  does  the  blood.  The  reaction  BgCOs  +  H2CO3  =  2BHCO3 
possesses  such  an  equilibrium  constant  that  with  physiological  concen- 
trations of  H2CO8  it  goes  with  practical  completeness  from  left  to 
right.     This  was  shown  by  Bohr  (1909): 

In  a  0.156  per  cent,  sodium  carbonate  solution  (about  the  average  carbonate 
concentration  of  plasma)  at  38°,  and  with  the  physiologically  normal  carbon  diox- 
ide tension  of  45  mm.,  Bohr  calculated  that  99.5  per  cent  of  the  sodium  carbonate 
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was  in  the  form  of  bicarbonate,  and  confirmed  the  calculation  experimentally 
within  the  limit  of  analytical  error.  Even  at  12  mm.  COj  tension,  which  is  sel- 
dom if  ever  observed  in  life  except  in  premortal  coma,  98  per  cent  was  in  the  form 
of  bicarbonate.  Consequently  one  can,  for  quantitative  purposes,  regard  the 
bicarbonate  of  the  plasma  as  synonymous  with  its  entire  reserve  of  alkali  in 
excess  of  that  neutralized  by  acids  other  than  carbonic. 

In  considering  CO2  transport  by  the  blood  we  may  therefore  Umit 
ourselves  to  two  forms,  free  CO2,  indicated  as  HaCOs,  and  bicarbonate, 
BHCOa.  If  all  the  CO2  of  the  blood  were  in  the  free  form  as  HaCOs, 
the  blood  would,  as  shown  above,  be  1000  times  more  acid  than  it  is, 
or  can  be  with  compatibility  to  life.  If  all  the  CO2  were  in  the  form  of 
carbonates,  on  the  other  hand,  the  blood  would  be  hundreds  of  times 
too  alkaline.  The  maintenance  of  the  reaction  necessary  for  life 
requires  a  definite  and  constant  balance  between  CO2  as  H2CO3  and 
CO2  as  BHCOs,  and  it  is  by  means  of  its  mechanism  for  maintaining 
such  a  balance  that  the  organism  is  able  to  transport  in  the  blood  the 
great  amounfe  of  CO2  that  are  coijtinuously  carried  to  the  lungs  for 
excretion,  and  to  do  so  with  a  barely  measurable  change  in  the 
blood  pH. 

THE  BUFFERS  OF  THE  BLOOD 

The  nature  of  buffers 

Buffers  are  salts  of  either  weak  bases  or  weak  acids,  and  are  charac- 
terized by  the  abiUty  to  enable  solutions  in  which  they  are  present  to 
receive  additions  of  limited  amounts  of  either  acid  or  alkali  with  much 
less  change  of  pH  than  would  be  caused  by  the  same  additions  to 
water,  or  to  a  solution  containing  only  salts,  such  as  NaCl,  that  have  i 
no  buffer  power.  All  the  important  buffers  of  the  blood,  viz.,  the 
.^icarbonates,  phosphates,  and  the  alkali  salts  of  the  proteins,  are  salts 
of  weak  acids.  In  each  buffer,  part  is  present  as  free  acid,  part  as 
the  salt  of  a  strong  base,  and  the  pH  of  the  blood  is  determined  by  the 
relative  proportions  of  buffer  salts  and  free  buffer  acids  respectively. 

The  alkali  salts  which  constitute  the  buffers  of  the  blood  are  in  effect 
reservoirs  of  alkaU,  a  portion  of  which  they  give  up  to  neutralize  car- 
bonic t>r  any  other  acid  that  enters  the  blood.  In  this  manner  act  the 
phosphates,  and  also  the  alkali  salts  of  the  plasma  proteins  and  of  the 
hemoglobin. 

In  regard  to  such  buffers  two  general  laws  may  be  stated,  the  prin- 
ciples underlying  both  of  which  may  be  found  in  L.  J.  Henderson's 
monograph  on  the  regulation  of  body  neutrality  (1909). 
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1.  The  hydrogen  ion  concentration  of  the  buffer  solution  is  propor- 
tional to  the  ratio  or  — .     Examples  of  such  ratios  in  the 

free  salt         BA 

,,    ^         H2CO3   BH,PO.  HHbO  HHb     ,^  .         ^  .    .  ^.    , 
blood  are  gg^^.  g^p^>  gjj^^  gjj^.     (B  is  used  to  indicate  any 

monovalent  base,  such  as  Na  or  K,  A  to  indicate  the  acid  radicle, 
BHbO  the  alkali  salt  of  oxyhemoglobin,  HHbO  the  free  oxyhemoglobin, 
BHb  and  HHb  the  salt  of  reduced  hemoglobin  and  the  free  protein 
respectively.) 

2.  A  given  buffer  is  most  efficient  in  maintaining  constancy  of  pH 
(that  is,  in  minimizing  the  proportion  by  which  H+  is  changed  by  a 

HA  \ 

given  addition  of  acid  or  alkali)  when  the  ratio  =j=  approximates  1, 

Hr>  ^  — ,  -  — 

and  H+  equals  K,  the  dissociation  constant  of  the  free  acid  forming 

one  of  the  buffer  pair. 

The  theoretical  demonstration  of  these  two  laws  is.  the  following: 

1.  Relationship  between  pH  and  the  ratio  yrj  (or  — j—^ j-* — ^' 

This  relationship  is  derived  as  follows: 

Since  the  reaction  of  electrolytic  dissociation  of  an  acid  into  H+  and 
anion  is  HA  =  H+  +  A',  it  follows  from  the  law  of  mass  action  that, 
at-  equilibrium, 

1)  K  X  HA  =  H+  X  A', 

K  being  the  dissociation  constant  of  the  acid.     Hence 

.   HA 
2)  H+  =  K  X  ^ 
A 

But  when  the  buffer  mixture  is  the  salt  of  a  very  weak  acid  plus  some 
free  acid,  only  an  infinitesimal  part  of  the  anion,  A',  originates  from 
dissociation  of  the  free  acid  (H2CO3  in  the  concentration  present  in 
the  blood,  for  example,  is  dissociated  into  H+  and  HCO3'  only  to  the 
extent  of  about  1/10,000).  Essentially  all  of  the  anion  origifiates 
from  dissociation  of  the  salt,  BA,  into  B+  and  A'.  Most  salts  in  0.1 
to  0.01  molecular  concentration  undergo  such  dissociation  to  the  extent 
of  GO  to  90  per  cent  of  the  amount  present.  If  the  degree  of  dissocia- 
tion be  represented  by  X,  the  concentration  of  anions  is  A'  =  XBA, 
and  Equation  2  may  be  written 

HA 
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Since  X  varies  to  a  relatively  slight  extent  over  ranges  of  concentration 
within  such  limits  as  are  found  in  blood  constituents,  one  may  state  as 

a  close  approximation  that  —   =  Ki  and 

A 

In  terms  of  pH,  since  pH  =   —log  H+,  Equation  4  is 

HA 
5)  pH  =  -log  Ki  -  log  g— ,  or 

6)pH  =  pK. +  Iogg^. 

The  form  represented  in  Equation  6  was  first  introduced  by  Hassel- 
balch  (1916). 

Expressing  —  log  Ki  as  pKi  the  value  of  pKi  for  B2HPO4:  BH.>P04 
mixtures  was  shown  by  Soerensen  (1909)  and  by  Clark  and  Lubs 
(1916)  to  be  approximately  6.8.  For  BHCO3:  H2CO3  solutions  in  the 
concentrations  normally  found  in  blood  plasma  Hasselbalch  (1916) 
found  pKi  at  body  temperature  to  have  a  value  of  6.1.^  His  results 
indicated  in  fact  that  by  determination  of  the  ratio  BHCO3  :  H2CO3 
the  pH  of  a  blood  sample  could  be  estimated  with  Equation  6  as 
accurately  as  by  the  standard  elect rometric  method. 

BA 

2.  Maximum  Efficiency  of  Buffer  Action  When  j^  =  1,  and  H^  =  K, 

There  is  a  slight  inconsistency  in  the  above  heading,  because  when 

BA 

=j-^   =  1,  H"''  is  not  quite  equal  to  K,  the  dissociation  constant  of  the 

^d,  HA.     For,  from  Equation  3,  H+   =   —  .^^.     Hence  when  H  + 

HA  HA 

=  K,  YfT   =^  ^  instead  of  _:— r-  =  1 .     However,  X  is  so  nearly  equal  to 
BA  BA 

1  in  the  buffer  salts  at  the  dilution  in  which  they  occur  in  the  blood, 

that  the  error  in  considering  it  as  unity  may,  for  the  purposes  of  the 

present  discussion,  be  neglected. 

'  The  figure  actually  given  by  Hasselbalch  is  6.4,  because  he  used  the  equiva- 
lent concentration  of  HjCOs,  which  is  twice  the  molecular,  in  calculating  the 

RHOO 

—  ratio.    When  used  with  the  molecular  ratio  adopted  by  L.  J.  Henderson 

HiCO, 

and,  so  far  as  we  have  observed,  all  other  authors  except  Hasselbalch,  the  value 
of  pKi  must,  therefore,  be  reduced  bj'  log  2,  or  0.3,  giving  pKi  the  value  6.1. 
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The  fact  that  a  buffer  mixture  of  a  weak  acid  and  its  salt  has  its 

BA 

maximum  efficiency,  when  =rT-  =  1,  in  diminishing  changes  in  reaction 

JtlA 

caused  by  adding  either  base  or  acid,  has  its  basis  in  the  general  prop- 

.       a  , 

osition,  that  in  the  ratio  r^  a  given  change  in  a  produces  the  least 

change  in  the  ratio  when  a  =  0.5  and  the  ratio  is  consequently  unity. 
The  relationship  is  exemplified  graphically  by  a  curve  expressing  as 

BA 
ordinates  values  of  the  ratio  ^,  as  abscissae  values  of  pH.    For 

bicarbonate  at  approximately  normal  blood  plasma  (0.03  M)  concen- 
tration,  the  curve  indicated  by  figure  1  is  obtained.    The  curve  is 

BHCO 
calculated  from  the  approximate  equation  pH  =  6.1  +  log       ^^9 

the,  for  the  present  pmT)oses,  insignificant  variations  in  pKi  from  the 
value  6.1  being  neglected.  It  is  evident  from  inspection  that  the  curve 
is  steepest  in  the  middle,  when  H2CO3  and  BHCOa  are  equal  (50  per 
cent  of  the  CO2  as  BHCO3).  This  fact  means  that  at  this  point  the 
addition  of  sufficient  acid  or  alkali  to  change  a  given  amount  of  the 
total  CO2  from  BHCOs  to  H2CO8,  or  vice  versa,  causes  less  shift  in  pH 
than  at  points  near  either  end  of  the  curve,  where  the  ratio  BHCO3: 
H2CO8  is  much  greater  or  smaller  than  1.  For  example,  changing  the 
per  cent  of  CO2  as  BHCOa  from  50  to  60  alters  the  pH  from  6.10  to 
6.26,  a  change  of  0.16;  while  changing  the  percentage  from  85  to  95 
raises  the  pH  from  6.85  to  7.40,  a  change  of  0^55.  It  is  evident  that 
at  pH  7.40,  the  reaction  of  normal  blood   plasma,  when   the   ratio 

•jTT^rr  ~  T»  bicarbonate  as  a  buffer  is  acting  at  far  from  its  most 

efficient  point.  # 

The  phosphates  are  more  efficient  at  blood  pH.    When  the  ratio 

B  HPO 

•DtT  Tyr\    ~   1>  *^^  PH  is  6.8,  much  nearer  to  the  reaction  of  normal 

blood  than  the  6.1  pH  of  the  BHCOs  :  H2CO8  pair  when  their  ratio 
is  unity. '  The  phosphates  are  present  in  so  small  an  amount  in  plasma 
that  they  play  a  quantitatively  negligible  r61e,  but  they  are  more 
important  in  the  cells.  Of  all  the  organic  and  inorganic  acids,  other 
than  proteins,  that  might  conceivably  be  used  as  buffers  by  the  organ- 
isms, L.  J.  Henderson  (1909)  estimates  that  carbonic  and  phosphoric 
most  nearly  approximate  maximum  efficiency  at  the  blood  reaction, 
despite  the  fact  that  the  blood  pH  is  not  very  near  the  point  of  maxi- 


Digitized  by 


Google 


THE   CARBON   DIOXIDE   CARRIERS  OF  THE   BLOOD 


147 


mum  eflSciency  of  either  buflfer*  It  is  of  importance,  however,  that  this 
point  is  in  both  bnflfers  at  a  lower  pH  than  that  normal  for  blood,  so 
that  if  the  blood  pH  falls,  the  phosphate  and  carbonate  buffers  oppose 
the  change  with  an  efficiency  which  increases  as  the  change  approaches 
the  danger  point.  At  pH  6.95,  which  appears  to  be  the  most  acid 
point  consistent  with  life  in  man,  the  phosphates  have  very  nearly 
their  maximum  buffer  efficiency. 
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Fig.  1.  Action  of  NaHCOa'.HjCOa  buffer,  showing  maximum  buffer  effect  at 
middle  of  curve  when  NaHCOjiHiCOa  ratio  =  1. 

While  the  organism  has  appropriated  the  best  available,  although 
not  ideal,  buffers  that  the  external  laboratories  of  nature  offer,  it 
appears  to  have  manufactured,  in  the  chief  blood  proteins,  buffers  of 
its  own  which  are  nearly  ideal.  For  oxyhemoglobin  Campbell  and 
Poulton  (1920)  have  recently  estimated  that  the  acid  dissociation 
constant  is  approximately  2  X  10"^  according  to  which  the  point  of 
maximum  buffer  efficiency  is  at  pH  7.7  which  is  close  to  that  of  blood,  k 
For  reduced  hemoglobin  L.  J.  Henderson  (1920)  estimates  that  the 
acid  dissociation  constant  is  ^  as  great  as  for  oxidized.    This  would 

PBTHOIiOOICAL  RBYXITWB,  TOU  1,  NO.  1 
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make  it  2.2  X  10"^,  with  a  maximum  buffer  efficiency  at  pH  8.66, 
if  we  accept  Campbell  and  Ponlton's  approximate  figure  for  oxyhemo- 
globin. Henderson's  own  calculation  placed  the  absolute  values  of 
both  constants  approximately  10  times  as  high.  While  his  data, 
estimated  from  the  differences  between  the  CO2  absorption  curves 
of  oxygenated  and  reduced  blood  found  by  Christiansen,  Douglas 
and  Haldane,  seem  adequate  for  approximating  the  difference  in  the 
K's  of  the  two  forms  of  hemoglobin,  the  experiments  of  Campbell  and 
Poulton,  who  practically  titrated  a  solution  of  dialyzed  hemoglobin, 
are  more  directly  applicable  to  a  calculation  of  the  absolute  value  of 
the  K  of  oxyhemoglobin. 

The  manner  in  which  buffers  act  as  carbon  dioxide  carriers 

We  may  define  a  carbon  dioxide  carrier,  in  the  physiological  sense,  as 
a  constituent  of  the  blood  which  increases  the  amoimt  of  CO2  that  may 
be  taken  up  by  arterial  blood  with  a  change  in  reaction  equal  only  to  the 
normal  pH  difference  between  arterial  and  venous  blood.  Each  buffer 
adds  its  quota  to  the  amount  of  CO2  that  can  be  absorbed  within  these 
limits.  As  stated  before,  the  buffer  salts  act  as  reserves  of  alkali,  part 
of  which  they  give  up  to  neutralize  any  acid  (H2CO8  in  this  case)  that 
is  added.  The  manner  in  which  this  action  occurs  is  illustrated  by 
the  following  example. 

L^t  us  assume  a  solution  containing  NaHCOs  in  0.03  m  concentra- 
tion, and  total  phosphate  (Na2HP04  +  NaH2P04)  in  0.05  m  concen- 
tration, the  reaction  of  the  solution  being  pH  7.35,  the  average  normal 
reaction  for  blood.  We  will  calculate  the  changes  that  occur  when  the 
H2CO8  is  increased  sufficiently  to  lower  the  pH  to  7.25.    The  molec- 

BA 
ular    ratios    ==rr-,  at  this  reaction  are  calculated  by  rearranging  the 

Jtlix 

general  equation,  pH   =    pKi  +  log  =7^,  to  the  form  log  ==rr    = 

pH  —  pKi.    Using  for  pKi  in  the  bicarbonate  and  phosphate  buffers 
respectively  the  values  6.10  and  6.80  we  have 

NaJiPa^ 
*  NaHjPO* 


Na«HPO. 
NaHjPOi 


-  =  3.55 


Digitized  by 


Google 


THE   CARBON  DIOXIDE   CARRIERS   OF  THE   BLOOD  149 

The  total  concentration  of  PO4  is  0.05  m.    Therefore  NaH2P04  = 
0.05  -  Na2HP04,  whence 

Na.HP04        ^  3^^g 


0.05  -  NasHPO* 

NasHPOi  =  0.0390  m  concentration  1         jj  j  qk 
NaH2P04  =  0.0110  M  concentration  J 

In  the  same  way  we  calculate 

at  pH  =  7.25 


Na2HP04  =  0.0346  m  concentration 
NaH2P04  =  0.0154  m  concentration 


Since  NaH2P04,  however,  has  1  less  Na  than  Na2HP04,  the  change 
from  the  latter  to  the  former  sets  free  1  equivalent  of  Na  to  combine 
with  H2CO8  and  form  NaHCOs.  The  concentration  of  alkali  thus 
freed  from  the  buffer  reservoir  is  calculated  9^ 

0.0390  M  Na2HP04  at  pH  7.35 
0.0346  M  Na2HP04  at  pH  7.25 
Difference  =  0.0044  m  Na  set  free  to  form  NaHCOs. 

At  the  beginning,  with  pH  7.35  our  NaHCOa  was  0.030  m.  We  have 
now  by  alkali  drawn  from  the  phosphates  increased  it  by  0.0044  to 
0.0344  M. 

We  have  as  additional  CO2  increase  added  a  small  amount  of  free 
HjCOa. 

NaHCOs 
The ratio  at  the  start  is  calculated  as  follows: 

H2CO8 

J     NaHCO,  ^    jj  -  6.1  =  7.35  -  6.10  =  1.25 
H2CO3 

HiCO* 
NaHCO,  =  0.03 

H,CO,      =  —  =  0.00169  M 
17.8 
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At  pH  7.25,  the  ratio  ^^^^^'  is  14.1;  hence  if  the  NaHCOs  had 

H2CO, 

remained  at  0.03  m,  the  HjCOs  would  have  been 

HjCOs  =  —  =  0.00212  M. 
14.1 

Since  the  NaHCOs  is  increased  to  0.0344,  however,  we  have  at  pH  7.25 

H2CO,  =  ^:^  =  0.00244  m. 
14.1 

The  increase  from  0.00169  to  0.00212  =  0.00043  m  represents  the 
amount  of  free  H2CO8  that  is  added  to  0.03  m  NaHCOa  solution  in 
changing  the  pH  from  7.35  to  7.25.  It  is  the  CO2  carrjdng  capacity  of 
the  bicarbonate  alone  within  this  pH  range. 

Due  to  the  phosphate  we  have  been  able  to  add  in  addition 

0.00440  M  CO2  as  NaHCOi,  and 
0.00244  -  0.00212  =  0.00032  m  CO2  as  H2CO, 

0.00472  M  CO2  =  CO2  capacity  of  the  phosphate 
between  pH  7.35  and  7.25. 

The  results  are  summarized  in  table  1.  The  molecular  concentra- 
tions are  transformed  into  terms  of  volumes  per  cent  of  CO2  by  multi- 
plying by  2240,  since  100  cc.  of  a  molecular  solution  contain  2240  cc. 
of  CO2  gas. 

TABLE  1 


MOLRCtTUiR  CONCEN- 
TRATION X  1000 

TOLUMES 
PER  CENT  COs 

MILLIMETERS 
CO*  TENSION 

CO«a8 
NaHCOi 

COtas 
H,COi 

CO,  as 
NaHCOa 

COtas 
HtCOt 

CORRESPOND- 
INO  TO  HsCOt 

COa  at  pH  7.35 

30.00 

1.69 

67.20 

3.79 

51    9 

Increase  on  changing  to  pH  7.25 
Due  to  NaHCOi 

0.00 
4.40 

0.43 
0.32 

0.00 
9.86 

0.95 
0.72 

13   0 

Due  to  phosphates 

9  9 

Total  increase 

4.40 

0.75 

9.86 

.1.67 

22  9 

COa  at  pH  7.26 

34.40 

2.44 

77.06 

5.46 

74  8 

We  have  given  this  example  in  such  detail  because  it  illustrates 
exactly  the  manner  in  which  the  buffers  of  the  blood  act  as  CO2  carriers. 
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Furthermore  the  bicarbonate  concentration  in  the  above  is  about  that 
of  blood  plasma,  the  pH  range  is  normal  for  blood,  and  the  amount  of 
phosphate  present  approximates  in  its  COj  carrying  effect  the  combined 
buffers  of  the  blood. 

Graphic  measurement  of  carbon  dioxide  carrying  capacity  of  buffers 

Both  the  demonstration  and  measurement  of  the  CO2  carrying 
capacity  of  a  buffer  solution  are  facilitated  by  the  use  of  a  graphic 
method,  which  we  shall  later  use  to  demonstrate  the  CO2  carriers  of 
the  blood,  and  for  the  illustration  of  which  the  above  data  will  serve. 

If  we  draw  a  curve,  expressing  BHCOj  values  as  ordinates,  HjCQs 
values  as  abscissae,  the  curve  will  be  a  straight  line  for  all  points  corre- 

BHCO 
spending  to  any  given        -,^^  ratio,  and  the  Une  will  rise  more  or 

ilaL'Us  gxiriQ 
less  steeply  according  as  the   ^j  r^n^  ratio  is  great  or  small.    But  a 

BHCO  ll2^U8 

constant  „  ^^^  ratio  indicates  a  constant  pH.    Consequently  we  are 

able  by  a  series  of  straight,  slanting  lines  on  a  diagram  arranged  as 

described  to  express  all  possible  _,  ^^'  ratios  and  pH  values.    Dia- 

grams  of  this  nature  have  been  introduced  by  Haggard  and  Henderson 
(1919)  for  construction  of  their  "CO2  diagrams"  of  the  blood. 

For  our  purpose,  we  wish  to  express  as  ordinates  the  total  HaCOs 
+  BHCOa  rather  than  the  BHCOa  alone.  The  rectilinear  pH  line 
may  still  be  used,  but  the  calculation  of  the  locus  of  the  line  is  slightly 
more  compUcated.  Since  it  is  customary  in  physiological  experiments 
to  express  the  free  CO2  in  terms  of  CO2  tension,  or  the  mm.  of  total 
atmospheric  .js^ressure  due  to  the  fraction  which  consists  of  CO2,  it  is 
convenient  ais6  ±0  uigJS%s  abscissae  imits  of  CO2  tension.  It  is  permis- 
sible to  use  CO2  tension  in  place  of  H2CO8  concentration  because, 
according  to  the  laws  of  gas  solubiUty,  the  tension  in  the  gas  phase 
is  proportional  to  the  concentration  in  the  solution. 

Since  at  38**  (Bohr,  1905)  water  in  contact  with  pure  CO^  at  760  mm.  tension 
dissolves  55.5  volume  per  cent  of  COj,  the  free  COj  (or  HjCOi)  of  a  water  solution 
in  equilibrium  with  COj  at  38®  and  p^^^^  nmi.  of  tension  may  be  calculated  as: 

PcOs 
For  water,  volimies  per  cent  COj  as  HjCOa  =  55.6  X  -ztt-  —  0.073  Pccu- 

760  ^^^ 

For  blood  serum  Bohr  found  that  the  solubility  coefficient  was  0.540,  slightly 

less  than  for  water,  and  for  whole  blood  it  was  0.511.    Consequently: 
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PcOs 
For  blood  serum,  volumes  per  cent  COj  asHtCO8=54.0  X  "ztt  =  0.0711  p^^j,. 

For  whole  blood,  volumes  per  cent  COj  as  H,CO,  =  51.1  X  -^  =  0.0672  p^,^. 

The  total  COj  content  of  a  water  solution  under  p^^^  mm.  of  COi  tension  is  there- 
fore calculated  as  BHCOa  +*  HjCOs  =  BHCOa  +  0.073  p^o,- 

.    BHCO,       Total  CO,  -  0.073  pco, 

The  ratio  ^^  ^^    =  7r;:zz • 

H,CO,  0.073  Pco, 

BHCOi 
Designating  the  ratio  as  R  we  have 

HjCOa 

_      Total  COi 
^^^  "  0.073  (R  +  1)  * 

For  locating  the  pH  lines,  one  calculates  R  for  the  desired  pH  values  from  the 
equation  log  R  —  pH  —  6.10,  and  then,  inserting  a  convenient  value  for  the 
total  CO,  in  the  above  equation,  calculates  the  tension,  Pqq^,  corresponding  to 
the  point  on  the  line  through  which  the  pH  line  passes. 

If  the  chart  is  prepared  for  whole  blood  the  factor  0.0672  is  used  in  place  of 
0.073;  if  for  serum  or  plasma,  the  factor  0.0711. 

The  calculation  is  really  simple.  For  example,  if  we  choose  75  as  the  total  CO, 
line  on  which  to  lay  off  our  tension  values,  the  latter  are  calciilated  as 

75  1027     .  ,         ,  ,. 

PCO,  -  0.073  (R -hi)  '  rTI'  ^''"  *  ''^*^'  '^^''*'''°'  ^'  ^ 

75  1115    ,        .  ,    . ,      , 

PCO^-  0.0672  (R  +  1)  "  rTT^"'  "*^'^'  *^^"^- 

Figure  2  is  drawn  in  the  manner  described.  The  level  of  point  A  • 
represents  the  CO2  content  of  the  solution  (BHCOs  +  H2CO8  =  67.20 
+  3.79  =  70.89)  at  pH  7.35,  B  represents  the  content  aher  the  tension 
has  been  raised  sufficiently  to  change  the  pH  to  7.25.  The  vertical 
distance  A'B  represents  the  total  capacity  of  the  solution  to  take 
up  CO2  between  the  pH  limits  7.35  and  7.25.  The  slight  distance  from 
the  line  AA'  to  C  represents  the  COj  capacity  of  the  bicarbonate 
alone,  the  remainder  of  the  capacity  is  due  to  the  phosphate. 

The  slant  of  the  line  AC  represents  the  increase  in  free  H2CO8  caused 
by  increasing  the  CO2  tension,  the  increase  being  0.073  volume  per 
cent  for  each  mm.  increase  in  CO2  tension. 

The  vertical  distance  of  point  C  above  the  line  A  A'  represents  the 
increase  in  H2CO3  suflScient  to  have  brought  the  bicarbonate  solution 
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to  pH  7.25  had  no  buffer  other  than  the  bicarbonate  been  present;  it 
therefore  represents  the  relatively  slight  CO2  carrying  capacity  of  0.03 
M  NaHCOa  solution  from  pH  7.35  to  7.25. 
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Fig.  2.  COs  carrying  power  between  pH  7.35  and  pH  7.25  (indicated  on  chart 
as  CO2  capacity)  of  a  solution  containing  0.05  m  phosphate  and  0.03  m  NaHCOs. 
Vertical  distance  from  line  -4-^4 1  to  point  B  «  total  COj  power. 
Vertical  distance  from  line  -4-^4 1  to  point  C  =  COj  carrying  power  of  NaHCOa.. 
Vertical  distance  from  line  C  to  S  =  COi  carrying  power  of  phosphate. 

The  carbon  dioxide  carrying  capacity  of  the  buffers  of  the  blood 

Experimental  evidence  that  both  cells  and  plasma  contaiji  buffers 
other  than  bicarbonate  and  that  the  cells  are  several  times  richer  in 
such  buffers  than  the  plasma,  was  published  as  long  ago  as  1868  by 
Zuntz.    He  determined  the  CO2  absorption  curves  of  whole  blood  and 
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separated  serum,  precisely  as  have  Joffe  and  Poulton  (1920),  sub- 
tracted the  physically  dissolved  CO2  from  the  total  CO2,  as  we  have 
done  in  this  paper  in  plotting  figure  3,  and  thereby  differentiated 
between  free  and  combined  CO2.  His  data  appear  of  such  interest 
that  we  report  in  table  2  the  results  of  one  of  his  experiments. 

The  increase  in  combined  CO2  in  whole  blood  was  over  three  times 
as  great  as  in  serum.  Although  the  dissociation  theory  was  still  unborn 
and  the  law  of  mass  action  unrecognized,  Zimtz  nevertheless  did  not 
fail  to  imderstand  the  significance  of  his  results,  and  concludes  (trans- 
lation) "From  the  above  it  is  beyond  doubt  that  the  substances  which 
bind  carbonic  acid  in  varying  proportions  belong  almost  entirely  to  the 
cells.''  Zimtz  furthermore  was  of  the  opinion  that  these  substances 
were  alkali-protein  compounds,  and  present  data  indicate  that  such 
compounds  actually  do  constitute  the  most  important  carbon  dioxide 
carriers  in  the  blood. 

TABLE  2 

Experiment  of  Zuntz  with  horse  blood  and  serum  equilibrated  at  0^  with  air 

containing  varying  percentages  of  C0%,    Barometer  =  758-760 


COt  IN  A.IB 

CO«  IN  BKBUM 

COl  IN  WHOLE  BLOOD 

Total 

Combined 

Total 

Combined 

vol.  percent 

22.9 
100.0 

vol.  per  cent 

69.3 
180.5 

vcH.  percent 
38.0 
44.3 

vol.  per  cent 

95.6 
233.4 

vol.  per  cent 

26.3 
47.9 

Difference 

111.2 

6.3 

137.8  ^ 

21.6 

The  experiments  of  Zuntz,  however,  were  like  some  more  recent 
ones,  performed  over  ranges  of  CO2  tension  such  as  never  occur  in  the 
living  body,  and  therefore  could  not  lead  to  quantitatively  accurate 
conclusions  concerning  the  part  which  the  "CO2  binding  substances" 
play  in  the  actual  physiological  regulation  of  the  blood  reaction. 

Joflfe  and  Poulton  (1920)  have  recently  published  experiments  which 
are  of  a  nature  peculiarly  well  adapted  to  show  the  effectiveness  of  the 
blood  buffers  as  carbon  dioxide  carriers  at  reaction  ranges  within 
physiological  limits.  Furthermore  their  results  demonstrate  another 
and  most  interesting  fact,  viz.,  that  the  richly  buffered  cells  are  able, 
under  the  influence  of  changes  in  reaction,  to  transfer  their  buffer 
effect  to  the  relatively  poorly  buffered  plasma,  so  that  the  latter,  when 
in  contact  with  the  cells  becomes  as  efficient  a  CO2  carrier  as  the  former. 
The  cell  buffers  themselves  are  chiefly  hemoglobin  and  phosphate. 
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The  former  cannot  diffuse  out  into  the  plasma,  and  the  latter  does  not. 
There  must  consequently  be  some  mechanism  by  wtiich  the  cell  buffers 
can,  so  to  speak,  act  at  a  distance.  The  mechanism  by  which  this 
is  attained  is  so  important  that  we  shall  devote  a  later  section  to  its 
discussion. 

In  figure  3  we  have  reproduced  the  CO2  absorption  curves  published 
by  Joffe  andPoulton,  together  with  pH  lines  arranged  as  in  figure  2 
to  make  possible  a  comparison  of  the  effectiveness  of  the  buffers  of  the 
three  fluids  acting  over  a  definite  reaction  range,  pH  7.35  to  7.25. 

There  are  other  reliable  blood  COj  absorption  curves  in  the  litera- 
ture from  which  the  COj  carrying  capacity  may  b^  estimated,  and  the 
power  of  the  cell  buffers^  to  affect  the  plasma  has  also  been  studied. 
The  peculiar  value  of  the  data  of  Joffe  and  Poulton  for  our  demon- 
stration, however,  lies  in  the  fact  that  they  determined  on  the  same 
blood:  a,  the  amounts  of  CO2  absorbed  by  whole  blood  imder  varying 
CO2  tensions;  b,  the  CO2  contents  of  serum  samples  centrifuged  from 
the  blood  after  the  latter  had  been  equilibrated  at  the  var3dng  CO^ 
tensions  (the  curve  so  obtained  the  authors  term  the  CO2  absorption 
curve  of  "true  serum");  c,  the  amounts  of  CO2  absorbed  by  serum 
centrifugated  from  the  cells  of  the  freshly  drawn  blood,  and  then 
equilibrated,  separately  from  the  cells,  with  different  tensions  of  CO2. 
This  is  called  the  "separated  serum." 

In  constructing  figure  3  it  has  been  necessary  to  draw  two  pairs  of 
pH  lines,  one  pair  for  whole  blood,  the  other  for  serum,  because  of  the 
differences  in  solubilities  of  CO2  in  whole  blood  and  serum,  respec- 
tively, which  have  been  previously  discussed  in  connection  with  the 
construction  of  such  diagrams. 

A  glance  at  the  slopes  of  the  three  curves  in  figure  3  is  sufficient  to 
show  that  the  separated  serum  has  only  a  fraction  of  the  buffer  effect, 
and  consequent  CO2  carrying  capacity,  of  the  whole  blood,  while  the 
true  serum  approximates  the  whole  blood  in  these  respects.  The  quan- 
titative relationships  of  the  three  carbon  dioxide  carrying  capacities 
are  indicated  graphically  by  the  vertical  distances,  indicated  by  brack- 
ets, which  show  the  volpmes  per  cent  of  CO2  taken  up  by  whole  blood, 
true  serum,  and  separated  serum  respectively  in  passing  from  pH  7.35  to 
7.25.  This  pH  difference  is  greater  than  that  ordinarily  found  between 
venous  and  arterial  blood,  but  it  does  not  appear  to  be  outside  the 
range  of  physiological  possibilities,  and  we  have  preferred  it  to  a  shorter 
range  for  the  present  chart,  in  order  that  the  differences  may  be  large 
enough  to  l^eep  the  errors  of  calculation  low. 
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In  figure  3  the  points  SSi,  SS2,  SSi,  etc.,  have  the  same  relative 
significance  as  the  points  A,  C,  and  B  respectively  in  figure  2.  The 
vertical  distance  between  the  horizontal  lines  on  which  SSi  and  SSt 
are  located  indicates  the  total  CO2  carrying  capacity  of  the  separated 
serum  within  the  pH  limits  7.35  and  7.25;  the  vertical  distance  between 
the  levels  of  SSi  and  SSi  indicates  the  portion  of  the  CO2  carrying 
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Fig.  3.  COi  carrying  powers  (indicated  as  **COi  cap.")  between  pH  7.35  and 
pH  7.25  of  oxygenated  whole  blood,  of  its  true  serum,  and  of  separated  serum. 
Data  of  Joflfe  and  Poult  on. 

capacity  that  is  due  to  the  bicarbonate  alone.  Similar  points  on  the 
true  serum  curve  are  indicated  as  TSi,  TSi  and  TSz^  respectively,  and 
on  the  whole  blood  curve  by  TTBi,  WB^,  and  WBi. 

From  the  data  carried  from  figure  3  to  table  3  it  is  seen  that  the 
total  CO2  canying  capacities  between  pH  7.35  and  7.25  are,  for  whole 
blood,  8.0  volumes  per  cent,  for  "true  serum"  9.4,  and  for  "separated 
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serum"  2.6.  When  we  subtract  the  amount  of  COj  that  the  bicar- 
bonate present  alone  would  take  up,  the  values,  due  to  other  buffers, 
are  7.5,  8.8  and  2.0  volumes  per  cent. 

It  is  evident,  first,  that  within  physiolc^cal  limits  as  well  as  imder 
Zuntz's  experimental  conditions,  serum  is  less  than  one-third  as  richly 
buffered  with  COj  carriers  as  is  the  whole  blood;  and  second,  that  when 
the  same  serum  is  in  contact  with  the  cells  during  a  change  in  reaction, 
the  cells  loan  it  suflScient  of  their  buffer  effect  to  eliminate  the  differ- 
ence between  them.  As  a  matter  of  fact,  our  calculations  indicate  that 
in  changing  from  pH  7.35  to  7.25  the  true  serum  took  up  even  more 
COf  (9.4  volimies  per  cent)  than  the  whole  blood  (8.0  volumes  per  cent). 


TABLES 
Results  determined  from  figure 

*S 

WBOLB  BLOOD 

TBUBBBRUlf 

BBPARATBD 
SEBUM 

COi 
tension 

CO. 

content 

C0« 

tension 

COf 

content 

COt 

tension 

C0» 
content 

At  7.35 

mm. 

32.4 
48.0 

vol. 
per  cent 

40.8 
48.8 

mm. 

38.5 
56.0 

vol. 
per  cent 

51.6 
61.0 

mm. 

40.5 
52.0 

vol. 
per  cerU 

54.1 

At  7.25 

51.5 

DifFftrence .,,,,. 

15.6 

8.0 

17.5 

9.4 

11.5 

2.6 

COj  carrying  capacity  due  to  bicarbon- 
ate  

0.5 

7.6 

0.6 
8.8 

0  6 

COj  carrying  capacity  due  to  buffers 
other  than  bicarbonate 

2.0 

The  difference  hardly  exceeds  the  possible  error,  however,  in  the  dif- 
ference between  two  CO2  determinations,  and  we  can  merely  say  that 
in  the  oxygenated  whole  blood  the  CO2  carrying  buffer  power  is  about 
evenly  divided  between  serum  and  cells,  al|;hough  in  actual  buffer 
content  the  serum  is  less  than  one-third  as  rich  as  the  whole  blood,  and 
therefore  presumably  less  tn&n  one-sixth  as  rich  as  the  separated  cells. 
Blood  has  been  submitted  to  fairly  complete  chemical  analyses,  and 
it  is  practically  certain  that  it  contains  no  substances  in  considerable 
amoimt  of  which  we  do  not  have  at  least  sufficient  knowledge  to  tell 
whether  or  not  they  can  act  as  buffers,  i.e.,  whether  or  not  they  are 
salts  of  weak  acids  or  bases.  An  examination  of  the  constituents 
reveals  among  those  present  in  amounts  sufficient  to  have  significant 
effect,  only  the  proteins,  the  bicarbonate,  and  the  phosphate,  which 
can  be  expected  to  act  as  CO2  carrying  buffers. 
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The  bicarbonate,  as  indicated  by  table  3,  is  responsible  for  only  about 

0  5 

^  or  6  per  cent  of  the  total  COj  canying  power  of  oxygenated  whole 

blood  between  pH  7.35  and  7.25. 

Of  the  r61e  played  by  the  phosphate  we  must  rely  on  rough  calcula- 
tion based  on  unsatisfactory  data.  So  far  as  we  know,  determinations 
of  the  inorganic  phosphate  in  human  blood  are  not  available.  Abder- 
halden  (1898),  however,  published  such  figures  for  ox  blood,  and  we  use 
them  in  want  of  more  direct  data.  His  results  indicate  1.30  gram  of 
inorganic  P2O5  per  1000  grams  of  corpuscles,  equivalent  to  0.018  m 
PO4'"  concentration  in  the  cells.  In  the  plasma  the  amount  is  only 
0.001  M.  To  estimate  the  part  which  the  phosphate  may  play  in  the 
total  CO2  carrying  power  of  the  blood,  we  will  assume  that  the  phos- 
phate is  divided  evenly  through  .cells  and  plasma,  as  its  buffer  effect 
presumably  is,  reducing  the  PO/"  to  0.009  M,  and  will  compare  this 
amount  with  that  which  gives  the  effect  indicated  in  figure  2.  In  the 
latter^  it  is  shown  that  a  phosphate  of  0.05  m  concentration  is  capable 
of  taking  up  11  volumes  per  cent  of  COs  in  passing  from  pH  7.35  to 
7.25.  A  phosphate  solution  of  0.009  M  is  only  18  per  cent  as  concen- 
trated, and  can  be  expected  to  take  up  about  0.18  as  much  CO2  over  the 
same  pH  range.  0.18  X  11  =2.0  volumes  per  cent.  This  would 
attribute  to  the  phosphates  about  25  per  cent  of  the  COt  carrying  capac- 
ity of  oxygenated  blood.  We  are,  however,  entirely  imcertain  as  to 
whether  Abderhalden's  ox  blood  figures  bear  any  relation  to  those  of 
the  himian  blood  with  which  Joffe  and  Poulton  worked,  and  the  above 
estimation  can  serve  only  to  indicate  the  general  magnitude  of  the 
part  that  the  COj  carrying  power  of  phosphates  may  play  in  that  of 
the  whole  blood. 

Concerning  the  part  which  hemoglobin  plays,  Campbell  and  Poulton 
(1920)  have  published  results  which  enable  us  to  make  an  approximate 
computation.  These  authors  have  determined  the  COt  absorption 
curve  of  a  solution  of  hemoglobin  (laked  red  cells)  which  was  dialyzed 
until  free  from  diffusible  substances.  To  the  solution  thus  obtained 
sodium  bicarbonate  was  added  in  amoimt  sufficient  to  make  its  con- 
centration 0.041  N,  which  gives  a  total  base  concentration  to  be  boimd 
by  COi  and  proteins  together  of  the  same  order  of  magnitude  as  in 
blood.  In  figure  4  we  have  reproduced  the  curve  of  the  oxyhemo- 
globin solution  so  that  the  CO2  carrying  power  between  pH  7.35  and 
7.25  can  be  estiniated  as  in  figure  2.  Since  the  protein  concentration 
of  about  8  per  cent  approximates  that  of  the  plasma,  we  have  used 
the  solubility  figures  for  COs  in  plasma  in  drawing  the  pH  lines.  - 
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From  figure  4  we  see  that  the  total  COj  carrying  capacity  of  the 
hemoglobin  solution  between  pH  7.35  and  7.25  is  about  4  volumes  per 
cent,  of  which  1.0  volume  per  cent  is  due  to  the  bicarbonate,  3  volumes 
per  cent  therefore  to  the  hemoglobin.  Campbell  and  Poulton  deter- 
mined that  the  hemoglobin  content  of  their  solution  was  52  per  cent 
that  of  normal  blood  on  the  Haldane  scale.    Hence  to  compare  the 
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Fig.  4.  COs  carrying  power  of  a  solution  of  dialysed  hemoglobin.  Hemoglobin 
concentration  corresponds  to  oxygen  capacity  of  9.6  volumes  per  cent.  Data  of 
Campbell  and  Poulton. 

buffer  effect  with  that  of  the  hemoglobin  in  normal  blood,  we  must 

mxiltiply  it  by  ;r-^,  raising  it  to  5.8  volmnes  per  cent.    In  the  whole 
0.52 

blood  (table  3,  fig.  3)  we  found  8.0  volumes  per  cent  of  COj  carrying 

power.    If  all  the  determinations  and  calculations  were  accurate,  also 

the  assumption  that  the  blood  used  by  Joffe  and  Poulton  contained  100 

per  cent  of  hemoglobin,  the  above  data  would  indicate  that  hemoglobin 

is  responsible  for 


100  X  5.8 
8.0 


=  73  per  cent  of  the  total  COj  carrying 


power  of  the  oxygenated  blood. 
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We  cannot  state  too  emphatically  that  the  data  on  which  this  calcu- 
lation is  based  are  only  semi-quantitative.  The  exact  hemoglobin 
content  of  the  whole  blood  used  by  Joflfe  and  Poulton,  which  we  have 
used  for  comparison,  is  not  given;  it  may  have  been  90  to  120  per  cent 
of  Haldane's  average  normal  instead  of  100  per  cent,  as  is  assumed. 
Furthermore,  the  individual  COj  determinations  of  CampbeU  and  Poul- 
ton on  the  dialyzed  hemoglobin  solution  are  so  scattered  on  both  sides 
of  the  curve  that  the  accuracy  of  the  latter  is  imcertain.  They  are  the 
only  data  available,  however,  and  imcertain  as  they  are  they  indicate 
the  probabiUty  that  the  hemoglobin  is  chiefly  responsible  for  the  buffer 
effect  of  the  cells,  and  of  the  entire  blood. 

^  TABLE  4 
Eatitnated  approximate  distribution  of  C0%  carrying  power  among  buffers  of 

oxygenated  blood 


BUTFSR 

COf  CARBTINQ  POWKB  OF 
8EPARATB  BLOOD 

pH  7.86  and  7.25 

PROPOBTION   OF 

COf  CABBTINO  POWBB 

OF  J.  J.'S  BLOOD 

Bicarbonate 

vol,  ptr  cent 
0.5 
1.0 
2.0 
6.8 

pereent 
6 

Plasma  protein 

13 

Cell  DhoBDhate 

25 

Oxvhemoirlobin ..,,.,,,,,.,, 

72 

Total  by  addition 

9.3 
8.0 

116 

Total  observed  in   J.  J.'s  whole 
blood  (fig.  3) 

100 

Remembering  that  the  phosphate  analysis  cited  above  is  from  a 
sample  of  ox  blood,  that  the  hemoglobin  in  the  normal  human  blood 
was  not  determined  and  is  only  estimated  to  be  the  average  normal,  and 
that  Campbell  and  Poulton's  dissociation  curve  for  dialyzed  hemoglobin 
is  not  very  accurate,  it  must  be  confessed  that  the  data  could  hardly 
be  less  satisfactory  for  estimating  the  relative  parts  that  the  different 
buffers  play  in  the  total  buffer  effect  of  the  blood.  Taking  the  data 
for  what  they  are,  however,  they  indicate  the  distribution  of  the  blood 
buffers  shown  in  table  4. 
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DISCUSSION   OF  THE  MECHANISM  BY  WHICH  BUFFER  EFFECTS  ARE    - 
EXCHANGED  BETWEEN  CELLS  AND  PLASMA 

The  experiments  of  Zuntz  (1868)  cited  above  proved  that  the  corpus- 
cles are  freely  permeable  to  carbonic  acid,  but  the  first  evidences  that 
change  in  CO2  tension  causes  a  shift  of  other  electroljrtes  between  blood 
ceUs  and  plasma  are  apparently  due  to  Giirber  (1896) .  Gurber  observed 
tha^  when  pure  CO2  is  passed  through  blood  the  alkali  titratable  with 
methyl  orange  in  the  serum  increases.  The  increase  was  presumably  of 
bicarbonate.  Such  increase  could  be  due  either  to  diffusion  of  alkali 
out  of  the  cells,  or  of  acid  into  them.  By  ash  analyses  Gurber  deter- 
mined that  no  Na  or  K  had  passed  into  the  serum,  but  that  sufficient 
CI  had  left  it  and  entered  the  corpuscles  to  account  for  the  increase  in 
serum  bicarbonate.  The  apparent  explanation  was  that  when  minute 
amounts  of  HCl  were  formed  by  interaction  of  H2CO8  and  NaCl,  such  HCl 
at  once  passed  into  the  cells.  Such  a  phenomenon  could  be  illustrated 
by  the  following  diagram: 


HaCOs  +  NaCl  =  NaHCOa  +  (hCi)- 


cell 


wall 


cell 
► 


interior 


The  effect  of  such  a  reaction  would  be  to  increase  the  plasma  NaHCOs 
in  response  to  increase  in  HsCOs,  and  thereby  to  cause  the  increase  in 
the  CO2  carrying  power  of  the  plasma  over  that  of  separated  serum 
which  we  have  previously  discussed  in  connection  with  Joflfe  and  Poul- 
ton's  results. 

Giirber's  experiments  were  conducted  by  passing  pure  CO2  through 
blood,  so  that  the  range  of  CO2  tension  was  altogether  outside  of  physi- 
ological possibilities.  Similar  criticism  applies  to  the  recent  experi- 
ments of  Fridericia  (1920).  Van  Slyke  and  Cullen  (1917),  however, 
found  that  the  CI  transfer  was  suffix5ient  to  account  for  72  per  cent  of 
the  alkali  increase  in  the  plasma  that  was  observed  when  the  H2C0» 
was  raised  from  0.0013  to  0.0024  m,  both  of  the  latter  values  being  within 
the  physiologically  possible  range.  De  Boer  (1917)  demonstrated  that 
SO4  anions  are  transferred  in  the  same  way  as  CI;  but  the  amount  of 
sulfate  in  the  plasma  is  so  small,  0.002  m,  that  the  proportion  of  it  shifted 
could  hardly  have  a  measurable  effect  on  the  total  alkali  content.  Ham- 
burger (1916)  has  published  evidence  showing  that  to  some  extent 
cations,  Na  and  K,  take  part  in  the  shift.  The  cation  shift  must  be  at 
most,  however,  slight  compared  with  the  anion  transfer.    It  may  be 
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stated  that  the  acid-base  transfer  between  cells  and  plasma  is  carried 
out  chiefly  by  the  anions  CI'  and  HCO'i. 

Below  is  a  diagram  which  although  from  lack  of  available  data,  it 
is  necessarily  incomplete,  nevertheless  appears  to  represent  the  chief 
buffer  factors  that  maintain  the  constancy  of  the  blood  pH,  and  to  indi- 
cate the  anion  exchange  that  makes  the  ceU  buffers  available  to  the 
plasma.  The  equilibria  as  written  are  all  shifted  from  left  to  right  by 
increase  in  lS.%CX)z. 


CBLLWALL 

CSLL 

(1)  HiCO,  +  NaCl  ?±  NaHCO, 

+  HC1 

->HCl-^ 

(3)  HCl  +  K,HP04  ^  KH,P04 
+  KC1 

(2)  H,CO,  +  Na  Protein  ^ 

NaHCO,  H-  H  Protein 

(4)  HCl  H-KHbO  ^  HHbO  + 

KCl 

(5)  HCl  H-  KHb  ?±  HHb  + 

"sw 

KCl 

• 

-♦  H,CO,  -^ 

(6)  H,CO,  +  K,HP04  ?=fc 

KH,P04  +  KHCO, 

(7)  H,CO,  H-  KHbO  ^  HHbO 

H-KHCO, 
(8)  H,CO,  H-  KHb  ?±  HHb  + 
KHCO, 

vV^ 


'*Na  Protein"  is  used  to  indicate  the  total  alkaU  salts  of  the  plasma 
pxjteins,  "H  Protein"  the  free  proteins  not  combined  with  base.  Sim- 
ilarly "KHbO"  and  ''HHbO"  are  used  to  mdicate  the  alkali  salt  of  oxy- 
diemoglobin  and  the  oxyhemoglobin  not  combined  with  alkali,  respec- 
iiively.  "  KHb"  and  "  HHb"  are  used  similarly  for  reduced  hemoglobin. 
In  the  plasma  the  base  is  indicated  as  Na,  in  the  cells  as  K,  to  indicate 
the  fact  that,  in  human  blood  at  least,  these  two  bases  predominate  in 
the  two  locations,  and  do  not  diffuse  freely  from  one  to  the  other.  There 
is,  of  course,  some  K  in  the  plasma,  and  some  Na  in  the  cells,  which  the 
Above  diagram  fails  to  show. 

In  regard  to  the  quantitative  relationships  among  the  reactions  indi- 
cated in  the  diagram,  our  incomplete  knowledge  permits  the  following 
:statements. 

Reaction  1,  with  perhaps  lesser  reactions  which  end  in  other  electro- 
lyte transfers  to  the  cells,  accounts  for  two-thirds  to  three-fourths  of  the 
total  bicarbonate  formed  in  the  plasma  of  whole  blood  by  a  rise  in 
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II2CO3  such  as  to  cause  a  pH  change  within  the  normal  range.  This  is 
shown  by  the  fact  that  an  increase  in  HjCOj,  sufficient  to  change  the 
pH  from  7.36  to '7.25,  caused  in  the  separated  serum  of  Joflfe  and  Poul- 
ton  less  than  one-third  as  great  a  rise  in  BHCOi  as  in  the  true  serum, 
in  which  the  cells  were  present.  The  removal  of  the  HCl  from  plasma 
by  transfer  into  the 'cells  makes  it  possible  for  Reaction  1  to  proceed  to 
a  measurable  degree.  When  cells  are  absent  it  cannot  do  so,  and  in 
the  separated  plasma  only  Reaction  2  can  occur  to  a  measurable  extent. 

Reaction  2,  it  follows,  accounts  for  one-third  to  one-fourth  of  the 
BHCOs  formed  in  the  plasma  of  whole  blood  when  the  HjCOs  is  in- 
creased within  physiological  limits.  In  the  separated  serum,  presum- 
ably it  accounts  for  practically  the  whole  rise. 

In  the  cells,  the  sum  of  the  total  BHCOs  formed  by  Reactions  6,  7,  and 
8  is  approximately  equal  to  the  BHCO3  formed  by  Reactions  1  and  2  in 
the  plasma  (see  for  example  parallel  slopes  of  "true  serum"  and  whole 
blood  curves  in  figure  3).  If  the  HCl  shift  is  equivalent  to  |  to  }  of 
the  NaHCOj  formed  by  Reactions  1  and  2,  it  follows,  from  the  above 
paragraph,  that  Reactions  3,  4,  and  5  together  are  equivalent  to  about 
I  to  I  of  Reactions  6,  7,  and  8  combined.  If  this  proves  correct,  then, 
for  a  given  amount  of  bicarbonate  formed  in  the  cells,  f  to  f  as  much 
chloride  is  taken  in  from  the  plasma. 

The  CO2  carrying  power  of  the  phosphates  in  the  cells,  if  PO4  should 
approximate  the  same  concentration  in  human  as  in  ox  cells  (Q.018  m) 
would  be  about  i  that  of  the  oxyhemoglobin  for  a  change  of  pH  over 
the  range  7.35-7.25  (see  table  4) .  Reactions  3  and  6  together  would  then 
be  about  equivalent  to  |  of  the  other  4  reactions  in  the  cells.  The  data 
on  the  hemoglobin  buffer  efifect  and  on  the  phosphate  concentration 
"^^re  so  imcertain,  however,  that  the  above  estimate  has  only  the  validity 
of  a  rough  approximation. 

Furthermore,  the  data  used  have  been  obtained  entirely  with  oxygen- 
ated hemoglobin,  so  that  only  Reactions  4  and  7  with  hemoglobin  were 
concerned.  By  reduction  of  the  oxyhemoglobin,  or  part  of  it,  so  that 
Reactions  5  and  8  come  into  play,  relationships  are  essentially  altered, 
since,  as  previously  stated  (p.  147)  reduced  hemoglogin  as  a  buffer  is 
quite  different  from  oxyhemoglobin.  The  effect  of  oxygen  changes 
on  the  buffer  action  of  hemoglobin  is  of  great  importance  in  regulating 
the  blood  reaction,  and  we  shall  consider  it  in  the  following  section. 
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THE  PART  OF  THE  OXYGEN  EXCHANGE  IN  THE  CARBON  DIOXIDE  CARRYING 
CAPACITY  OF  THE  BLOOD 

We  have  shown  that  the  oxygenated  normal  blood  investigated  by 
Joflfe  and  Poulton  could  in  changing  its  reaction  from  pH  7.35  to  7.25 
take  up  8  or  9  volumes  per  cent  of  CO2.  Half  as  much  CO2  would  be 
about  the  normal  difference  between  arterial  and  venous  blood  in  a 
resting  man,  and  would  involve  a  pH  change  of  only  0.06.  The  normal 
arterial-to-venous  change  was  calculated  by  Parsons  (1917)  from  elec- 
trometric  measurements,  however,  to  be  only  0.02,  and  Peters  and  Barr 
(1921)  in  three  normal  men  calculated  differences  of  only  0.01  to  0.00. 
It  appears  that  there  is  still  another  factor,  besides  those  which  we  have 
studied,  which  assists  in  neutralizing  the  carbonic  acid  that  the  blood 
receives  in  the  tissues. 

Christiansen,  Douglas  and  Haldane  (1914)  were  led  to  a  similar  con- 
elusion  by  a  comparison  of  the  CO2  tension  changes  on  the  absorption 
^  curve  of  oxygenated  blood  with  the  differences  estimated  between  ar- 
terial and  venous  CO2  tensions  in  the  lungs.  The  latter  averaged  5  to  6 
mm.,  while  changes  of  15  or  16  mm.  were  required  to  make  oxygenated 
blood  at  38®  in  vitro  take  up  as  much  CO*  as  does  the  venous  blood  in 
vivo.  The  added  factor  in  stabiUzing  the  CO2  tension  was  demonstrated 
in  a  notable  paper  by  these  authors  to  be  the  change  which  hemoglobin 
undergoes  as  it  loses  oxygen  to  the  tissues  and  absorbs  it  in  the  lungs 
while  carbon  dioxide  is  passing  in  the  reverse  directions.  These  authors 
found  that  normal  blood  at  38®  and  any  given  CO2  tension  withiii  the 
extreme  physiological  range  (30-70  mm.)  absorbed  from  5  to  6  volumes 
per  cent  more  CO2  if  the  gas  mixture  with  which  the  blood  was  equili- 
brated was  CO2  +  H2,  than  if  the  gas  mixtiire  was  CO2  +  air.  The  only 
conceivable  effect  of  the  hydrogen  as  compared  with  the  air  was  in  it« 
effect  on  the  state  of  oxygenation  of  the  hemoglobin.  The  conclusion 
was  reached  that  the  change  from  oxy-  to  reduced  hemoglobin  in  the 
tissues  enables  the  blood  to  take  its  required  load  of  CO2  with  relatively 
as  small  an  increase  in  CO2  tension  as  that  (5-6  mm.)  which  these 
authors  calculated  from  alveolar  air  analyses. 

From  the  data  of  Christiansen,  Douglas,  and  Haldane,  it  is  possible 
to  demonstrate,  as  a  matter  of  fact,  that  reduction  of  the  blood  can 
enable  it  to  take  up  5.5  volumes  per  cent  of  CO2  and  still  not  only  main- 
tain, but  increase  the  alkalinity,  because  the  increased  CO2  is  all  in  the 
form  of  bicarbonate.  At  40  mm.  CO2  tension,  their  curves  give  the 
total  CO2  contents  tabulated  below,  from  which  the  pH  values  are  caK 
culated  as  follows: 
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TOTAL  CO* 

CONTENT  AT  40  Mil 

COt  TENSION  k 


Oxygenated  blood . . 
Reduced  blood 


vol.  percent 

51.5 
57.0 


COt  A8  HtCOi  > 
40  X  0.0672 


ffoZ.  per  cent 
2.69 
2.69 


CX)iA0BHCO« 


vol.  percent 

48.8 
54.3 


pH- 
Aift_i_i     BHCO 


7.36 
7  40 


It  is  evident  that  H2CO8  must  be  added  to  the  blood  when  it  is  re- 
duced, or  it  will  actually  become  more  alkaline. 

If  we  accept  Campbell  and  Poulton's  estimate  of  the  acid  dissociation 
constant  of  oxyhemoglobin,  and  accept  L.  J.  Henderson's  estimate  of 
the  smaller  constant  for  reduced  hemoglobin,  we  may  calculate  the 
amount  of  alkali  which  the  hemoglobin  of  normal  blood  would  give  up, 
o,  in  passing  from  pH  7.36  to  pH  7.33;  6,  in  losing  its  oxygen  and 
changing  to  reduced  hemoglobin.  Campbell  and  Poulton  estimated 
from  the  curve  we  have  reproduced  in  figiwe  4  that  when  all  the  hemo- 
globin in  their  solution  was  in  the  form  BHbO,  the  amount  of  alkali 
thus  bound  was  sufficient  to  combine  as  bicarbonate  with  51.3  cc.  of 
CO2  per  100  cc.  of  solution.  Since  their  solution  contained  only  52 
per  cent  as  much  hemoglobin  as  normal  blood,  the  alkali  binding 
power  of  the  hemoglobin  in  blood  may  be  estimated  as  equivalent  to 

^  =  99  cc.  of  COi  per  100  cc.  of  blood. 
0.52 

We  may  then  estimate,  by  the  method  previously  illustrated  on  pages 
148-150  in  calculating  the  COj  capacity  of  a  bicarbonate-phosphate 
solution,  the  amoimt  of  base  which  the  hemoglobin  will  yield  to  combine 
with  HsCOs  in  changing  over  a  definite  pH  range.  As  such  a  range 
we  shall  take  that  from  pH  7.35  to  7.33,  since  the  normal  difference 
between  arterial  and  venous  blood  is  found  to  be  only  pH  0.02  (Parsons, 
1917).    We  shall  express  the  data  in  terms  of  CO2  equivalents. 

The  acid  dissociation  constants,  Kq  and  Kr,  of  oxygenated  and 
reduced  hemoglobin  respectively,  as  calculated  by  L.  J.  Henderson 
(1920)  require  revision  in  the  light  of  the  results  of  Campbell  and 
Poulton  (1920),  who  showed  that  the  base-binding  power  of  the  oxy- 
hemoglobin in  100  cc.  of  normal  blood  is  equivalent  to  that  of  99  cc. 
of  CO2,  instead  of  the  18  cc.  assimied,  in  the  lack  of  other  available 
data,  by  Henderson.  Inserting  99  in  place  of  18  as  a  constant  in 
Henderson's  (1920)  calculations,  we  have  Kq  =  6.9  X  10"®  and  Kr  = 
4.9  X  10~*.  The  negative  logarithms  of  these  values  are  pKo  =  7.16 
and  pEr  »  7.31.    Using  these  values,  we  calculate  as  follows: 
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Log  ?1^  =  7.35  -  7.16  =  0.19 
*  HHbO 

HHbO 

BHbO  =  60.2 
Similarly  at  pH  7.33   . 

Log  BHbO  ^  y  33  _  ^  jg  ^  ^  ^^  whence  BHbO  =  59.1 
HHbO 

If  we  now  reduce  all  of  the  oxyhemoglobin  to  reduced  hemoglobin,  we 
have  with  pH  still  remaining  at  7.33 

■DTTU 

Log  rfi!f  =  7.33  -  7.31  =  o.02,  whence  BHb  =  60.6 
HHb 

We  have  therefore  yielded 

1.  By  oxyhemoglobin  in  changing  from  pH  7.36  to  7.33  sufficient 
base  to  combine  with  60.2  —  59.1  =  1.1  cc.  of  COf. 

2.  By  oxyhemoglobin  in  being  altered  at  pH  7.33  to  reduced  hemoglo- 
bin, sufficient  base  to  combine  with  69.1  ~  60.6  =  8.6  cc.  of  CO2. 

Normally,  however,  only  about  one-third  of  the  oxyhemoglobin  is 
reduced  in  passing  from  arteries  to  veins,  so  we  divide  the  8.6  cc.  by 
3,  making  2.83  cc.  of  COs  estimated  as  bound  by  the  alkali  set  free  as 
a  result  of  the  loss  of  oxygen. 

We  therefore  estimate  that  the  hemoglobin  of  normal  blood,  in  pass- 
ing from  pH  7.36  to  7.33,  and  in  being  one-third  reduced  from  oxy-  to 
reduced  hemoglobin,  frees  sufficient  alkali  to  combine  with  1.10  -h  2.83 
=  3.93  cc.  of  COf  per  100  cc.  of  blood.  If  we  assign  to  the  blood  bufifers 
other  than  oxyhemoglobin  one-half  of  its  COj  carrying  capacity  over  the 
given  pH  change,  as  seems  to  be  approximately  correct,  they  will  add 
0.66  cc.  to  the  above  amount,  making  4.48  cc.  of  CO2  taken  up.  To 
this  we  must  add  the  COf  taken  up  as  HfCOs.    At  pH  7.33  the  ratio 

BHCOa       17 

^^  is  — .  Consequently  in  increasing  the  BHCOi  by  4.48,  we 
lijtCOs        1  4^ 

increase  the  H2CO1  by  -^  =   0.26  cc,  making  the  total  increase 
4.48  +  0.26  =  4.74  cc.  of  CO2  per  100  cc.  of  blood.    The  increase  in 


•'-A 
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CX)i  tension  accompanying  the  entire  change  is     '        =  3.9  mm.    The 

^.       no,  .  4.74     ^_        ^-"7^  , 

respiratory  quotient,  -— ,  is  —  =  0.79,  a  normal  value. 

The  maintenance  of  the  normal  gas  exchange  of  the  organism  with 
a  difference  of  only  0.02  in  pH  between  arterial  and  venous  bloods  is 
therefore  explainable  on  the  basis  of  the  available  physico-chemical 
data.  The  maintenance  of  an  absolutely  isohydric  exchange,  however, 
would  not  be  thus  explainable.  It  would  require  that  without  change 
in  pH  the  absorption  of  each  cc.  of  Oj  should  cause  the  loss  of  at 
least  0.7  cc.  of  COa,  since  for  each  cc.  of  O2  consumed  the  organism 
forms  from  0.7  to  1.0  cc.  of  CO2.  The  data  of  Christiansen, 
Douglas,  and  Haldane  (1914)  as  shown  in  figure  2  of  L.  J.  Hender- 
son's paper  (1920)  indicate  that  at  the  normal  H+  value  of  4  X  10"® 
(pH  =  7.4)  complete  loss  of  O2  (18  cc.)  causes  isohydric  absorption 
of  only  8  cc.  of  CO2,  instead  of  the  minimum  required  volume  of 
0.7  X  18  =  12.6  cc. 

L.  J.  Henderson  calculates  that,  although  hemoglobin,  like  all  proteins,  is 
amphoteric  and  therefore  capable  of  combining  with  acids,  yet  under  the  con- 
ditions of  COs  tension  and  pH  that  exist  in  vivo,  it  cannot  possibly  combine  di- 
rectly with  more  than  1  or  2  volumes  per  cent  of  CO).  As  CO)  carriers  oxygenated 
and  reduced  hemoglobin  fimction  not  through  direct  combination  of  the  protein 
molecule  with  COs,  but  through  acting  as  buffers,  holding  reserves  of  K  and  Na, 
which  are  given  off  to  transform  HfCOt  into  BHCOi  according  to  the  laws  of 
mass  action  whenever  the  HsCOt  concentration  is  increased.  Further  confirma- 
tion of  this  viewpoint  is  afforded  by  the  results  of  Campbell  and  Joffe  (1920) 
who  showed  that  so  long  as  conditions  keep  the  pH  within  the  normal  physio- 
logical range,  addition  of  oxyhemoglobin  to  alkali  solutions  does  not  increase, 
but  diminishes,  the  amount  of  COi  combined  at  a  given  tension,  the  oxyhemo- 
globin competing  with  the  CO)  for  the  alkali,  which  the  two  substances  divide 
according  to  their  relative  strengths  as  acids.  It  is  only  at  pH  ranges  more 
acid  than  can  exist  in  the  circulation  that  hemoglobin  combines  with  significant 
amounts  of  CO).  We  believe  that  data  in  the  papers  of  Henderson,  and  of  Camp- 
bell and  Poulton,  make  untenable  the  view  that  hemoglobin  acts  to  a  significant 
extent  as  a  COs  carrier  by  combining  directly  with  the  CO)  in  the  blood. 

Haggard  and  Y.  Henderson  (1920)  have  recently  thrown  some  doubt  on  the 
validity  of  applying  physiologically  the  results  of  Christiansen,  Douglas  and 
Haldane.    Haggard  and  Henderson  tend  to  the  opinion  that  the  peculiar  effect 
of  oxygenation  and  reduction  on  the  COj  absorption  curve  of  blood  may  be  the 
result  of  a  property  artificially  conferred  on  the  blood  by  the  process  of  defibrin-    J 
ation,  which  was  used  in  all  of  Christiansen,  Douglas,  and  Haldane's  experipents.    ^ 
In  support  of  this  view  they  give  data  indicating  that  oxalated  blood,  which  they   i 
consider  to  be  less  altered  from  the  natural  circulating  fluid  than  is  defibrinated  » 
blood,  does  not  show  any  oxygen  effect  on  its  COj  absorption  curve.    The  assiunp-  I 
tion  that  oxalated  blood  is  nearer  to  nature  than  defibrinated  might  readily  be 
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questioned.  The  experimental  fact  that  oxalated  blood  does  not  show  the  oxy* 
gen  effect,  however,  is  one  which  Peters  has  attempted  to  confirm  in  the  writer's 
laboratory  with  consistently  negative  results:  defibrinated  and  oxalated  bloods 
have  shown  within  the  limit  of  experimental  error  identical  oxygen  effects  on  their 
absorption  curves.  It  does  not  appear  to  the  writer  that  any  valid  reason  exists 
for  doubting  the  physiological  significance  of  the  results  of  Christianseni  Douglas, 
and  Haldane. 


THE  COMBINED  EFFECT  OF  THE  BUFFERS  AND  THE  OXYGEN  EXCHANGE  IN 

ENABLING  THE  BLOOD  TO  CARRY  ITS  CARBON  DIOXIDE  WITH  A 

NORMAL  CONSTANCY  OF  REACTION  ' 

It  remains  to  show  the  combined  effect  of  the  factors,  which  we  have 
discussed  in  the  preceding  pages,  in  enabling  the  blood  to  take  up  the 
amounts  of  carbon  dioxide  which  it  does  in  passing  from  the  arteries 
to  the  veins  with  the  slight  amount  of  reaction  change  which  is  observed. 

For  this  demonstration  we  use  the  published  CO2  absorption  curves  of 
J.  S.  H.  (Christiansen,  Douglas  and  Haldane,  1914)  and  of  J.  J.  (Joflfe 
and  Poulton,  1920).  By  means  of  them  we  shall  estimate  the  changes 
which  the  blood  undergoes  when,  starting  completely  oxygenated  and 
with  a  reaction  of  pH  7.35,  it  progressively  absorbs  CO2  and  sinaultane- 
ously  loses  volumes  of  oxygen  sufficiently  larger  to  maintain  the  normal 
respiratory  quotient,  0.8. 

In  allowing  for  the  effeot,  discussed  in  the  preceding  section,  of  the  change 
from  oxyhemoglobin  to  reduced  hemoglobin  on  the  COj  absorption  curves,  we 
have  used  an  empirical  formula  which  Peters  (Peters  and  Barr,  1921)  has  devised. 
It  expresses  two  assumptions,  which  hold  with  a  close  approximation  to  constancy 
over  the  normal  range  of  CO}  tension.  (1)  that  the  increase  in  volumes  per  cent 
total  COj  caused  by  complete  reduction  of  oxygenated  blood  at  constant  COi 
tension  is  constant;  (2)  that  for  partial  reductions,  the  effect  on  the  COt  content 
is  proportional  to  the  reduction.  In  totally  reduced  blood  the  oxygen  unsatura- 
tion  is  equal  to  the  oxygen  capacity,  or  18.5  cc.  of  0%  per  100  cc.  of  blood.  (The 
oxygen  unsaturation  is  the  difference  between  oxygen  content  and  total  oxygen 
capacity,  and  represents  the  reduced  hemoglobin.)  If  the  increase  in  CO]  con- 
tent caused  by  total  reduction  of  the  hemoglobin  is  represented  by  N,  the  increase 
in  CO}  caused  by  an  intermediate  reduction  is  estimated  as  equal  to  the  volume 

N 
per  cent  of  oxygen  unsaturation  Xtt-Z'    From  the  data  of  Christiansen,  Douglas 

18  6 

and  Haldane  (1914)  and  of  Joffe  and  Poulton  (1920)  Peters  finds  the  average  value 

N 
of  N  for  CO?  tensions  between  30  and  70  mm.  to  be  6.5,  and  — —  =  0.36. 

18.5 

If  we  indicate  by  D  the  CO2  increase  due  to  oxygen  loss, 

D  =  0.35  X  volumes  per  cent  of  oxygen  unsaturation. 
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A  theoretically  exact  formula  could  be  based  on  the  dissociation  con- 
stants of  the  two  forms  of  hemoglobin  and  tlie  mass  law  principles  ex- 
pressed in  the  equations  pH  =  pKi  +  log     ^,  ^,  and  pH  =  pKi  + 

BHb  ililDU 

1^  TTTTvy  but,  considering  the  uncertainty  of  the  exact  value  of  pKi 

HJlb  ., 

in  at  least  the  second  of  these  equations,  and  the  accuracy  and  simplic- 
ity of  Peters'  empirical  formula,  the  latter  seems  at  present  preferable. 
The  relationship,  between  the  increase  in  CO2  content  caused  by  any 
given  increase  in  CO2  tension  in  the  oxygenated  blood,  and  the  increase 
in  CO2  content  caused  when  the  CO2  increase  is  accompanied  by  an 
oxygen  loss  1.25  times  as  great,  is  calculated  as  follows. 

Let  o^Oj  be  the  increase  in  COa  content  of  oxygenated  blood 
caused  by  a  given  rise  in  CO2  tension,  without  loss  of  oxygen, 
and  rAco,  be  the  increase  in  blood  CO2  content  caused  by  the 
same  rise  in  CO2  tension,  with  the  simultaneous  loss  of  sufficient 
oxygen  to  give  a  respiratory  quotient  of  0.8. 

O2  =  volumes  per  cent  of  oxygen  lost,  therefore  of  oxygen  unsatur- 
ation. 

Tb^^      R^co.=  o^co.  +  0-35X02 

=  0^00. +  0.35X5^ 
Whence  ^^A^o,  =  1.78  ^A^ 

EJxpressed  in  words  the  above  equation  means  that  the  increase  in 
total  CO2  of  the  blood,  caused  by  a  given  rise  in  CO2  tension,  is  further 
increased  by  78  per  cent  if  the  blood  loses  during  the  change  a  volume  of 
oxygen  equal  to  1.25  times  that  of  the  CO2  it  absorbs.  In  order  to  plot 
the  actual  CO2  absorption  curve  of  blood  as  it  changes  from  arterial  to 
venous,  we  must  therefore  add  to  each  CO2  increase  measured  on  the 
absorption  curve  for  oxygenated  blood,  78  per  cent  more  in  order  to 
allow  for  the  eflfect  of  the  normally  accompanying  oxygen  loss. 

In  each  chart  (figs.  5  and  6)  the  heavy  black  curve  AC  represents  the 
ciuire  thus  calculated,  which  may  be  called  the  true  CO2  absorption 
curve  of  blood.  The  COj  absorption  curve  of  oxygenated  blood  is  never 
touched  in  the  body,  save  at  point  A  by  arterial  blood.  In  the  circula- 
tion the  blood  ordinarily  travels  for  about  one-third  of  the  length  of  the 
true  absorption  curve  from  A  toward  C,  and  then  returns  (in  the  lungs)  to 
its  starting  point  at  or  near  A.    Under  conditions  of  stress  (e.g.,  exer- 
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cise)  the  venous  blood  moves  further  toward  C,  but  apparently  never, 
except  in  anemic  individuals,  travels  more  than  about  three-fourths  of 
the  distance  AC. 
/^  In  figures  5  and  6  we  have  drawn  the  pH  lines  through  three  points 
V  on  the  true  CO2  absorption  curve  AC,  (hie  is  at  A,  which  represents  ar- 
terial blood.    A  is  arbitrarily  located  in  both  bloods,  for  the  purpose  of 
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Fig.  5.  Relative  amounts  of  GO2  carried  by  different  agents  in  blood  of  J.  S.  H. 
The  COj  absorption  curve  of  oxygenated  blood  is  marked  0,  that  of  wholly 
reduced  blood  is  marked  R, 

Curve  A  C  represents  estimated  absorption  curve  of  blood  in  the  body,  when 
the  respiratory  quotient  is  0.8.  Entire  curve  A  C  represents  maximum  gas  ex- 
change, all  of  oxygen  (18.5  cc.)  being  given  off,  and  14.8  cc.  of  COs  absorbed,  with 
a  pH  change  from  7.35  to  7.26. 

Curve  A  B  represents  absorption  of  5  cc.  of  CDs,  with  change  of  pH  from 
7.35  to  7.32. 

A  D  represents  absorption  of  CO2  that  could  occur  in  change  from  pH  7.35  to 
7.26  if  no  hemoglobin  were  reduced. 

The  brackets  on  the  right  indicate  the  relative  amounts  of  the  added  COt 
neutralized  at  pH  7.26  by  alkali  supplied  by  the  different  carriers. 
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this  demonstration,  at  pH  7.35,  the  average  reaction  of  normal  blood,  j 
A  second  point,  B,  indicates  the  conditions  attending  the  absorption  of  { 
5  cc.  of  COj,  and  the  loss  of  6.3  cc.  of  oxygen,  about  the  amounts  that  \ 
are  ordinarily  exchanged  during  a  circulation.    The  third  point,  C,  | 
indicates  the  limit  of  the  possible  gas  exchange,  as  at  this  point  the 
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Fig.  6.  Relative  amounts  of  COi  carried  by  different  agents  in  the  blood  of 
J.J. 

The  COj  absorption  curve  of  oxygenated  blood  is  marked  0,  that  of  wholly 
reduced  blood  is  marked  Tt. 

W  Curve  A  C  represents  estimated  COj  absorption  curve  of  blood  in  the  body, 
when  the  respiratory  quotient  is  0.8.  Entire  curve  A  C  represents  maximum 
gas  exchange,  all  of  the  Os  (18.5  cc.)  being  given  off,  and  0.8  as  much,  or  14.8  cc. 
absorbed,  with  a  pH  change  from  7.35  to  7.325. 

Curve  A  B  represents  absorption  of  5  cc.  of  COi,  with  loss  of  6.3  cc.  of  Oj, 
increase  of  5.0  nmi.  in  CO2  tension,  and  change  of  pH  from  7.35  to  7.34. 

A  D  represents  absorption  of  COs  that  could  occur  in  change  from  pH  7.35 
to  7.325  if  no  hemoglobin  were  reduced. 

If  the  slope  of  the  CO2  absorption  curves  were  slightly  greater,  the  line  A  C 
in  the  blood  would  fall  upon  the  line  of  pH  7.35,  and  the  gas  exchange  would  be 
accomplished  without  change  in  pH.  In  this  case,  the  HbO  — >Hb  change  would 
furnish  all  the  alkali,  the  buffers  none. 
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.  blood  has  lost  all  of  its  oxygen  (18.5  cc).     In  the  course  of  this  loss  it 
has  absorbed  0.8  as  much  CO2,  or  14.8  cc. 

In  table  5  some  of  the  data  indicated  by  measurements  on  figures  5 
and  6  have  been  put  into  numerical  form.  In  the  "estimated  division 
of  CO2  load  among  buffers"  at  the  bottom  of  the  table,  the  estimates  ) 
are  made  on  the  assumption  that  the  relative  CQ^arrying  powers  of  the^ 
.  different  buffers  of  the  blood  are  as  represented  in  table  4  (p.  160) .( 
As  stated  previously,  these  estimates,  especially  that  concerning  the 
phosphate,  are  derived  from  data  of  only  approximate  accuracy,  but 
with  the  possible  exception  of  the  phosphate,  they  may  be  taken  as  indi- 
cating roughly  the  relative  parts  that  these  factors  play  in  carrjdng  the 
blood's  total  load  of  CO2. 

It  is  seen  from  the  charts  and  table  5  that  the  known  factors  repre- 
sented in  the  curve  AC  permit  both  bloods  to  take  up  normal  amounts 
of  COj  with  normal  reaction  changes,  the  blood  of  J.  S.  H.,  taking  up 
5  volumes  per  cent  of  CO2  with  an  increase  of  0.03  in  pH^that  of  J.  J. 
with  an  increase  of  0.01.  The  CO2  tension  increases  are  also  normal,  6.8 
and  5.0  mm.  It  therefore  seems  probable  that  we  are  acquainted  with 
all  the  COi  carriers  of  importance. 

-    The  point  D  indicates  the  rise  in  CO2  that,  had  no  heraoglobin  reduc- 
tion occurred,  would  have  resulted  within  the  pH  change  which  actually 
J  permitted  14.8  volumes  per  cent  CO2  increase.    The  vertical  difference 
/  in  the  levels  of  C  and  D  therefore  indicates  the  volumes  per  cent  of 
COi  carrying  capacity  that  are  due  to  the  change  from  the  more  acid 
--  oxyhemoglobin  to  the  less  acid  reduced  hemoglobin  and  vice  versa. 

The  extent  that  the  buffer  factors,  other  than  the  change  HbO— ►  Hb, 
play  in  enabling  the  blood  to  absorb  COj  within  the  defined  pH  limits,  is 
indicat.ed  on  the  charts.  It  will  be  noted  that,  not  only  is  hemoglobin, 
by  virtue  of  its  loss  in  acidity  on  reduction,  responsible  for  the  greater 
part  of  the  CO2  absorption,  but  also  that  in  carrying  the  remainder  of 
the  CX)^  by  buffers,  hemoglobin  as  a  buffer  plays  the  major  part.  The 
fiart  of  hemoglobin  in  the  absorption  of  the  physiologically  maximum 
amounts  of  CO2,  indicated  by  the  full  distance  of  the  curve  AC,  is 
shown  in  table  6. 

It  is  thus  estimated  that  in  the  blood  of  J.  S.  H.  84  per  cent  of  the  total 
COi  carrying  power  is  due  to  hemoglobin,  in  that  of  J.  J.  94  per  cent. 

It  is  significant  that  the  blood  of  J.  J.,  in  which  hemoglobin  carried 
94  per  cent  of  the  CO2,  absorbed  its  CO2  quota  over  a  smaller  pH  range 
than  did  the  blood  of  J.  S.  H.  The  two  facts  are  necessarily  related. 
The  CO2  carriers,  other  than  the  reaction  by  which  oxyhemoglobin 
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changes  to  reduced  hemoglobin  and  thereby  frees  alkali  to  form  BHCO3, 
are  simply  buffers  which  give  up  alkali  only  when  the  reaction  becomes 
more  acid,  and  in  proportion  as  it  does  so.  If  a  blood  should  absorb 
CO2  without  any  change  in  pH,  which  is  not  theoretically  impossible, 
the  sole  carrier  would  necessarily  be  hemoglobin,  because  it  is  unique 
in  its  ability  to  provide  alkali  without  being  forced  to  do  so  by  a  rise  in 
hydrogen  ion  concentration. 

TABLE  6 


Total  CO,  absorbed 

By  HbO-Hb  change 

By  hemoglobin  as  buffer 

Total  absorption  due  to  hemoglobin 


BLOOD  OF  J.  H.  8. 


vol.  per  cent 

14.8 

8.8 

3.7 
11.5 


percentcf 
total 

100 
59 
25 

84 


BLOOD  OF  J.  J. 


vol.  per  cent 

14.8 

12.6 

1.4 

13.0 


per  cento/ 
total 

100 

85 

9 

94 


The  calculations  are,  especially  for  J.  J/s  blood,  subject  to  certain 
approximations.  We  do  not  know  whether  the  hemoglobin  content  of 
J.  J/s  blood  was  the  same  as  that  of  J.  H.  S.  To  the  extent  that  it 
was  different,  our  AC  curve  for  J.  J.  is  subject  to  proportional  vari- 
ation. Also  we  are  not  certain  that  7.35  is  the  exact  pH  value  nor- 
mal for  J.  J.'s  blood.  Although  in  a  given  individual  t^e  pH  appears 
to  be  very  constant,  in  different  individuals,  according  to  present  data, 
the  pH  may  vary  from  7.25  to  7.45  with  7.35  as  the  average.  If  J.  J.'s 
arterial  blood  were  normal  at  pH  7.25  instead  of  7.35,  the  relative  parts 
played  by  his  different  CO2  carriers  would  vary  less  from  those  of  the 
blood  of  J.  S.  H.  It  is  regrettable  that  no  figures  are  available  for  the 
purpose  of  our  calculations  which  include  all  the  desirable  data  on  the 
same  blood.  In  the  case  of  the  blood  of  J.  S.  H.,  however,  it  is  fairly 
certain  that  the  range  over  which  we  have  estimated  the  changes  is 
normal.  At  pH  7.35  J.  S.  H.'s  blood  shows  an  estimated  CO2  tension 
of  41.5  mm.,  which  is  about  what  J.  S.  H.  considers  normal  for  his 
thoroughly  studied  blood.  Also  this  is  the  identical  blood  on  which 
was  based  chiefly  the  calculation  of  Peters'  equation  used  by  us  for  esti- 
mating the  effect  of  reduction  of  the  hemoglobin,  so  that  there  appears 
to  be  slight  danger  of  error  in  the  estimation  of  this  factor.  Of  the  two 
sets  of  data,  therefore,  it  appears  that  those  on  the  blood  of  J.  S.  H.  more 
certainly  represent  the  exact  conditions  in  the  organism  than  do  those 
of  J.  J.,  although  it  is  quite  possible  that  the  latter  are  exact  also,  and 
the  differences  between  the  two  bloods  represent  genuine  individual 
variation. 
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CONCLUSIONS 

The  carriers  of  carbon  dioxide  may  be  most  simply  described  as  sub- 
stances which  hold  in  combination  alkali,  of  which  they  supply  to 
Cd,  as  it  enters  the  blood,  sufficient  to  bind  nearly  all  of  it  as  alkali 
bicarbonate.  When  the  CO2  leaves  the  blood,  they  recombine  with 
their  alkali.  By  such  reactions,  despite  changes  in  CO2  content  and  COi 
tension,  the  alkalinity  of  the  blood  in  a  given  normal  individual  is  main- 
tained constant  within  marvelously  narrow  limits. 

The  chief  carbon  dioxide  carrier  of  the  blood  is  the  hemoglobin.  It 
is  ahnost  as  completely  responsible  for  the  transport  of  carbon  dioxide 
in  the  blood  as  it  is  for  the  transport  of  oxygen.  Of  the  alkali  furnished 
to  neutralize  the  CO2  that  enters  the  venous  blood,  from  80  to  95  per 
cent,  sometimes  possibly  all,  comes  from  the  hemoglobin.  Of  such 
alkali,  the  greater  part  is  set  free  when  the  relatively  strong  acid,  oxy- 
hemoglobin, is  changed  by  loss  of  oxygen  to  the  much  weaker  one, 
reduced  hemoglobin.  A  smaller  part  of  the  alkali  is  furnished  by  the 
unchanged  oxyhemoglobin,  which  is  itself  an  efficient  biiffer  at  blood 
reaction.  The  relatively  slight  remainder  is  furnished  by  the  other 
buffers,  viz.,  the  phosphate  in  the  cells,  the  proteins  in  the  plasma, 
and  the  bicarbonate. 

The  hemoglobin  from  its  location  in  the  cell  is  able  to  increase  the 
alkali  content  of  the  plasma  by  withdrawing  CI  into  the  cells  from  the 
plasma  NaCl,  thereby  leaving  the  Na  to  form  NaHCOj.  The  cells  are 
also  freely  permeable  to  the  H2CO8,  so  that  the  latter  can  enter  them 
to  combine  with  the  alkali  furnished  by  the  hemoglobiui  thereby 
decreasing  the  H2CO8  of  the  plasma  at  the  same  time  that  the  CI 
shift  increases  its  NaHCOs.  By  means  chiefly  of  the  exchange  of 
carbonic  and  hydrochloric  acids  with  the  plasma,  the  cells  are  enabled 
to  use  their  reserves  of  buffer  alkali  to  maintaiQ  constancy  of  reac- 
tion in  the  plasma,  although  the  buffers  themselves  (hemoglobin  and 
phosphates)  do  not  leave  the  cells. 
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BLOOD  VOLUME  AND  ITS  REGULATION 

JOSEPH  ERLANGER 

Washington  University  Medical  School,  St,  Louis 

Much  of  our  information  with  regard  to  the  blood  volume  and  its 
regulation  has  come  to  us  through  efforts  that  have  been  made  to  develop 
methods,  and  often  this  information  is  colored  by  the  individual  method 
through  which  it  has  been  derived.  This  relation  of  information  to 
method  has  determined  the  manner  of  treating  the  subject  matter  of 
this  review.  The  various  methods  are  grouped  as  far  as  possible  accord- 
ing to  their  underlying  principles  and  each  of  the  more  important  groups 
with  its  related  problems  is  examined*  critically  in  turn.  Subsequently 
the  more  general  phases  of  the  subject  are  reviewed  in  relation  to  the 
problem  as  a  whole  and  in  relation  to  certain  specific  problems.  The 
older  literatiu^e  is  referred  to  only  in  so  far  as  has  seemed  necessary  in 
order  to  present  the  basis  of  methods  and  problems  of  current  interest. 
More  complete  reviews  of  methods  will  be  found  in  articles  by  Hayem 
(1),  Plesch  (2)  and  von  Behring  (3). 

Blood  voliune  methods  may  be  divided  into  two  groups  according 
as  they  are  designed  for  the  determination  of  the  absolute  or  of  the 
relative  blood  volume.  The  methods  of  the  first  group  are  divided  by 
Hayem  (1)  into  two  categories  according  as  the  blood  volume  is  deter- 
mined by  direct  or  by  indirect  means. 

DIRECT  METHODS 

The  direct  methods  seek  to  determine  the  total  blood  volume  by 
actually  collecting  all  of  the  blood  in  the  body  by  hemorrhage,  by  washing 
out  the  circulation,  and  by  leaching  the  macerated  tissues.  The  blood 
volume  is  then  estimated  by  determining  the  degree  of  dilution  of  the 
combined  blood  and  washings  through  comparison  of  the  concentration 
of  some  one  of  its  constituents  with  the  concentration  of  that  constitu- 
ent in  an  undiluted  sample  of  the  normal  blood  of  the  same  animal. 
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This  principle  was  first  employed  by  Lehmann  and  Ed.  Weber  in  1860 
(4).  They  collected  the  blood  of  two  executed  criminals  and  then 
washed  out  the  circulation  with  water. 

Welcker*s  method.  The  method  as  modified  by  Welcker  (5),  (6)  is 
more  or  less  familiar  to  all  who  have  an  acquaintance  with  physiology. 
Welcker  not  alone  washed  out  the  vessels  with  water  but  also  leached 
out  the  macerated  tissues,  and  used  the  hemoglobin  as  a  means  of  deter- 
mining colorimetrically  the  relative  concentration  of  the  original  blood 
and  washings.  In  the  case  of  small  animals  the  body  was  merely 
ground  up  and  extracted  after  drawing  a  sample  of  blood.  Malassez 
(7)  washed  out  the  vessels  and  leached  the  tissues  with  an  "artificial 
serum''  containing  gum  arable,  sodium  chloride  and  sodiimi  sulphate, 
and  made  the  comparison  by  counting  the  red  cells.  He  took  pains  to 
prevent  coagulation  of  the  drawn  blood. 

*  Certain  sources  of  error  and  difficulties  inherent  in  the  method  early 
came  to  be  recognized.  Aside  from  defects  in  colorimetric  technique, 
a  subject  which  does  not  directly  concern  us  here,  these  have  been 
found  to  consist  a,  of  the  presence  in  the  tissue  extracts  of  muscle 
hemoglobin  as  well  as  hemoglobin  of  the  blood;  6,  of  the  difficulty  in 
matching  the  color  of  the  tissue  extract  and  that  of  the  blood  due  to 
turbidity  of  the  former;  c,  of  the  loss  of  hemoglobin  due  to  efforts  to 
clear  the  extract  of  its  turbidity;  and  d,  of  the  loss  of  hemoglobin  due 
to  both  intra-  and  extravascular  clotting. 

It  was  realized  even  by  Welcker  (6)  that  the  washout  method  would 
be  decidedly  improved  if  all  of  the  blood  could  be  obtained  merely  by 
washing  out  the  circulation.  One  of  the  difficulties  in  the  way  of 
accomplishing  this  is  the  gradual  slowing  up  of  the  perfusion  due  very 
largely  to  the  development  of  edematous  swelling  of  the  tissues,  but 
partly,  possibly,  to  the  formation  of  intravascular  clots  (8). 

Suter  and  Jaquet  (9)  essayed  to  minimize  the  former  difficulty,  and 
also  to  obtain  a  better  penetration  of  the  circulation,  by  flushing  out 
with  fluid  driven  by  a  pulsating  instead  of  a  constant  pressure.  In  the 
rabbit  they  alternately  drew  blood  from  the  carotid  artery  of  one  side 
and  injected  warm  1.0  per  cent  sodium  chloride  into  the  jugular  vein 
of  the  opposite  side.  They  thus  found  it  possible  to  inject  into  the  cir- 
culation as  much  as  500  cc.  of  fluid  before  the  heart  stopped.  Then 
the  thorax  was  opened  and  artificial  perfusion  of  the  circulation  begun 
with  sodium  chloride  solution  driven  by  a  pulsating  pressure.  At  the 
same  time  the  animal  was  vigorously  massaged.  Extraction  of  the 
tissues  after  the  washings  became  clear  yielded  at  most  1.0  to  1.8  per 
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cent  of  the  total  hemoglobin.  Separate  extraction  of  the  pale  and  the 
red  muscle  indicated  that  the  largest  part  of  this  residual  coloring  mat- 
ter came  from  the  myohemoglobin  rather  than  the  blood;  they  conse- 
quently discarded  leaching  of  the  tissues,  since  they  feel  that  the  tur- 
bidity of  tissue  extracts  introduces  into  the  colorimetric  determinations 
a  larger  error  than  does  any  incompleteness  of  the  washing  out  of  the 
vessels  as  practiced  by  them. 

Dreyer  and  Ray  (10),  also  working  with  the  rabbit,  substitute  oxy- 
genated Locke's  solution  for  the  sodium  chloride  solution  and  interrupt 
the  inflow  10  to  15  seconds  in  each  minute.  Under  these  circumstances 
the  heart  continues  to  beat  4  to  5  hours,  and  until  the  washings  become 
colorless  or  nearly  so;  but  they  continue  the  washing  (now  under  a 
constant  pressure)  for  from  1  to  6  hours  longer.  As  the  carcass,  when 
extracted,  yields  1  per  cent  or  less  of  hemoglobin,  they,  likewise,  aban- 
don subsequent  extraction  of  the  tissues.  The  difficulty  in  reaching 
all  parts  of  the  circulation  by  perfusion  and  the  necessity  of  using  pas- 
sive movements  and  massage  in  order  to  secure  a  maximum  jdeld  are 
illustrated  by  the  observation  that  at  a  time  when  the  perfusion  fluid 
is  coming  away  clear,  artificial  respiration  may  cause  it  to  become 
bloody  again.  The  blood  and  washings  are  received  into  vessels  con- 
taining hirudin  in  order  to  prevent  clotting,  which  in  their  experience 
removes  hemoglobin.  The  precautions  taken  by  Suter  and  Jaquet  to 
prevent  clotting  do  not  seem  to  have  been  entirely  effective. 

'The  largest  number  of  blood  volume  determinations  in  the  rabbit  in 
recent  years  has  been  made  by  Boycott  and  by  Douglas  (11),  (12),  (13) 
and  by  Abderhalden  (14).  Boycott  and  Douglas  used  a  technique  that 
differed  very  slightly  from  that  originally  described  by  Welcker.  The 
animals  were  bled  to  death  into  oxalate  solution  and  the  circulation 
then  inunediately  washed  out,  under  a  constant  pressure,  with  3  to  4 
liters  of  an  0.8  per  cent  sodium  chloride  solution  containing  1.0  per  cent 
of  sodiiun  citrate,  with  the  assistance  of  massage.  In  a  few  experiments 
the  completeness  of  the  washing  was  controlled  by  subsequently  macer- 
ating and  extracting  of  the  tissues.  It  was  found  that  perfusion  obtained 
93  per  cent  of  the  total  volume  of  blood,  and  that  the  long  bones  re- 
tained 3  per  cent  of  the  total.  Abderhalden  (14)  used  for  the  determi- 
nation of  the  blood  volume  Bunge's  modification  of  the  Welcker  method. 
After  taking  a  sample  of  blood  the  animal  is  killed.  The  skin  and  the 
gastro-intestinal  canal  are  then  removed  by  a  method  which,  according 
to  Abderhalden,  carries  away  at  most  a  negligible  quantity  of  blood, 
and  the  remaining  tissues  are  ground  up  and  repeatedly  macerated  and 
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extracted.  Inspection  of  our  table  listing  results  obtained  by  all  of  the 
more  important  methods  does  not  give  any  evidence  that  the  seemingly 
better  methods  as  applied  to  the  rabbit  yield  the  larger  blood  volumes. 

According  to  Gscheidlen  (15),  dog's  muscle  may  contain  as  much  as 
4  to  5  per  cent  of  the  total  hemoglobin.  In  the  case  of  this  animal, 
therefore,  it  is  even  more  important  than  in  the  rabbit  to  find  a  way  of 
dispensing  with  tissue  extraction.  Efforts  in  this  direction,  though, 
have  been  even  less  successful  than  in  the  rabbit.  Muller  (15)  used 
most  of  the  devices  that  have  led  to  fairly  complete  yields  in  the  case 
of  the  latter  animal.  In  addition,  in  order  to  prevent  intravascular 
clotting,  he  injects  at  one  stage  of  the  process  a  0.9  per  cent  solution  of 
sodiiun  chloride  containing  1  per  cent  of  anunonium  oxalate.  Never- 
theless, subsequent  extraction  of  the  macerated  carcass  (17)  discloses 
from  8  to  16  per  cent  of  the  total  hemoglobin,  8  to  13  per  cent  being  in 
the  bones  alone,  held  there,  Muller  believes,  in  some  way  by  the  struc- 
ture of  the  tissue.  Plesch  (2),  using  essentially  the  same  technique, 
finds  64.8  per  cent  of  the  hemoglobin  in  the  washings,  26.2  per  cent  in 
the  extract  from  the  macerated  soft  parts  and  8.2  per  cent  in  the  bones. 
(Plesch's  figures  do  not  total  100.)  Gscheidlen  (15)  recommended  sep- 
arate extraction  of  the  muscle  so  that  an  allowance  might  be  made  for 
its  peculiar  hemoglobin.  But  Miiller  knows  of  no  technique,  applicable 
to  the  dog,  that  will  circumvent  the  myohemoglobin  without  at  the 
same  time  withdrawing  from  estimation  a  considerably  larger  amount 
of  actual  blood  pigment.  Neither  he  nor  Plesch  in  their  experiments 
make  any  allowance  for  such  myohemoglobin  as  may  be  extracted. 

Brodin,  Richet  and  Saint-Girons  (18),  who  alone  dispense  with 
extraction  of  the  tissues,  have  determined  the  blood  voliune  in  a  very 
large  series  of  dogs.  In  our  opinion,  though,  there  are  reasons  for 
doubting  the  thoroughness  of  their  method.  They  first  bleed  the  ani- 
mals, then  inject  250  to  300  cc.  of  a  6.0  per  cent  solution  of  sodiiun  citrate 
and  finally  wash  out  the  circulation  with  30  to  40  liters  of  a  5.0  per  cent 
solution  of  Na2S04  under  a  constant  pressure.  They  do  not  use  massage. 
Indeed,  they  seem  to  assiune  that  they  are  doing  all  that  is  necessary  to 
obtain  a  complete  yield  of  blood,  for  they  do  not  subsequently  macer- 
ate and  extract  the  tissues,  nor  do  they  say  anything  with  regard  to 
their  blood  content  upon  completion  of  the  perfusion.  They  feel  that 
their  technique  is  better  than  any  previously  employed  because  steps 
are  taken  to  avoid  intravascular  clotting  and  hemolysis  with  conse- 
quent loss  of  hemoglobin,  apparently  without  realizing  that  some  pre- 
vious investigators  have  provided  against  these  possible  sources  of  error. 
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and  that  essentially  the  same  technique  in  the  hands  of  others  leaves 
in  the  body  of  the  dog  between  8  and  26  per  cent  of  the  blood.  Their 
washout  method  is  essentially  that  of  Malassez  (7),  excepting  that  it 
omits  subsequent  extraction  of  the  tissues.  It  is  supposed  to  preserve 
the  red  corpuscles  intact,  and  the  concentration  comparisons  are  made 
by  counting  the  red  cells  in  the  Malassez  hematinometer.  The  French 
observers,  however,  present  no  evidence  indicating  absence  of  disinte- 
gration or  of  clumping  of  red  cells;  furthermore  the  constancy  of  the 
Malassez  instrument  has  been  questioned  by  Alferow  (19).  The  results 
obtained  by  them  are  in  general  quite  low  (see  table),  occasionally  below 
5  per  cent  of  the  body  weight  (see  also  Malassez,  20).  That  their  results 
are  low  they  realize,  but  they  attribute  this  to  the  large  size  of  their 
animals.  It  is  scarcely  possible  to  reconcile  such  figures,  though, 
with  the  fact  that  dogs  can  survive  an  acute  hemorrhage  of  the  same 
(21),  or  even  larger  amounts  (22);  they  probably  account  for  their  ob- 
servation that  dogs  may  survive  as  long  as  a  half-hour  a  hemorrhage 
that  leaves  only  2.8  to  6.7  per  cent  of  their  red  cells  (!)  and  25  per  cent 
of  their  blood  (compare  with  Rous  and  Wilson,  23). 

So  far  as  we  have  been  able  to  ascertain  crucial  tests  of  the  accuracy 
of  the  direct  method  are  lacking.  The  method  should  be  controlled  by 
injecting  into  the  circulation  at  a  time  the  washings  are  coming  away 
almost  colorless,  but  while  the  heart  is  still  beating,  blood  containing  a 
known  amount  of  hemoglobin,  allowing  this  to  circulate  in  the  animal 
for  a  few  moments,  and  then  determining  whether  the  injected  hemo- 
globin can  be  recovered  quantitatively  by  again  washing  out  the  circu- 
lation. The  same  sort  of  a  test  should  be  applied  to  tissue  that  has 
been  macerated  and  extracted  until  the  extract  becomes  colorless.  In 
this  connection  Dreyer  and  Ray  (10)  state  that  a  turbid  fluid  cleared  by 
centrifugation  may  lose  even  up  to  40  to  45  per  cent  of  its  original 
hemoglobin.  They  are  inclined  to  beUeve  that  the  low  results  some 
have  gotten  by  the  extraction  method  (Ranke,  for  example,  24>  are 
due  to  their  eflforts  to  clear  a  turbid  extract. 

INDIRECT  METHODS 

The  idea  of  determining  the  blood  volume  indirectly  seems  to  have 
originated  with  Valentin  (25).  By  way  of  illustrating  the  general  prin- 
ciple that  forms  the  basis  of  almost  all  of  the  methods  since  developed, 
his  method  may  be  briefly  described.  A  sample  of  blood,  b,  is  drawn 
and  the  percentage  of  solids,  p,  in  it  is  determined.  Then  a  known 
volume,  u\  of  distilled  water  is  injected  intravenously.    After  a  lapse 
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of  a  period  of  time  which  is  supposed  to  suffice  for  thorough  mixture  of 
the  injected  water  with  the  blood,  but  presumably  before  appreciable 
amounts  have  left  the  circulation,  the  percentage  of  soUds,  q,  in  the 
blood  is  again  determined.  Then  the  blood  volume,  t;',  at  the  time  of 
the  injection  is  to  the  original  percentage  of  soUds  as  the  amoimt  of 
water  injected  is  to  the  degree  of  dilution  of  the  blood,  which  is  given  by 
the  difference  p  —  q,  whence 

,        pw 
p  -q 

The  original  blood  volume,  v,  is  obtained  by  adding  to  this  the  amount 
of  the  sample,  whence 

pw     ,   , 
p  —  V 

The  objection  to  the  use  of  distilled  water  for  intravenous  injection 
soon  led  to  the  use  of  salt  solution  in  its  stead.  Sander  and  Kronecker 
(26)  substituted  for  blood  an  equal  volume  of  sodium  chloride  solution 
and  determined  the  degree  to  which  it  diluted  the  hemoglobin.  They 
did  not  consider  the  method  as  entirely  satisfactory.  Sherrington  and 
Copeman  (27)  diluted  the  blood  with  0.75  per  cent  sodium  chloride 
solution.  In  the  case  of  the  rabbit  they  injected  an  amount  of  the  solu- 
tion equal  to  about  one-third  of  the  blood  volmne  in  the  space  of  15 
seconds,  and  determined  the  degree  of  dilution  30  seconds  later,  using 
the  specific  gravity  of  the  blood  as  an  index.  This  time  interval  was 
deemed  sufficient  to  effect  complete  mixture  with  the  blood  because  it 
allowed  5  to  6  circuits  of  the  body,  and  because  the  blood  drawn  was  of 
a  lower  specific  gravity  30  and  45  seconds  after  completion  of  the  injec- 
tion than  it  was  either  before  or  after  that  time  interval  had  elapsed. 
They  found,  though,  that  even  in  that  short  period  some  of  the  sodium 
chloride  solution  (about  7  per  cent)  escaped  from  the  circulation.  Sher- 
rington and  Copeman  do  not  claim  any  high  degree  of  accuracy  for  the 
method,  and  their  estimated  values  show  a  very  wide  range  of  variation. 
Kottmann  (28)  applied  the  sodimn  chloride  dilution  method  to  man. 
He  injects  about  3.5  cc.  of  strictly  isotonic  solution  per  kilo  of  body 
weight.  The  degree  to  which  the  blood  is  diluted  is  determined  by 
means  of  a  special  hematocrit.  He  seems  to  be  of  the  opinion  that 
the  injected  solution  mixes  only  with  the  blood  that  is  in  active  circula- 
tion, and  is  convinced  that  owing  to  the  relatively  small  amount  of 
solution  injected  practically  none  leaves  the  circulation  during  the  10- 
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minute  combined  injection  and  mixing  period.  Plesch  (2),  in  man,  in- 
jects a  somewhat  larger  quantity  of  sodium  chloride  solution  (5  cc.  per 
kilo  of  body  weight)  in  from  2  to  9  minutes  and  then  draws  samples  of 
blood  immediately  and  at  2  minute  intervals  thereafter.  The  hemo- 
globin concentrations  are  matched  in  the  Plesch  colorimeter.  It  is 
thus  found  that  for  a  while,  usually  for  2  to  3  minutes,  the  blood  dilutes 
and  then  begins  to  concentrate.  Plesch's  figures  show  many  variations 
from  this  type  (see  curves  7  and  8) ;  indeed,  in  one  half  of  his  cases  the 
first  reading  is  the  lowest.  He  has  made  comparative  estimations  in 
one  and  the  same  animal  first  by  this  method,  and  immediately  after  by 
the  washout  method.  The  results  agreed  practically  perfectly.  He 
also  believes  that  only  inconsiderable  amounts  of  the  injected  solution 
could  leave  the  circulation  during  the  injection  and  post-injection  peri- 
ods, de  Crinis  (29)  uses  essentially  the  same  technique  but  determines 
the  grade  of  dilution  of  the  plasma  by  means  of  the  refractometer 
after  making  a  fixed  correction  determined  by  the  dilution  of  highly 
refractive  substances  other  than  proteins,  such  as  urea  and  glucose. 
As  these  same  substances  enter  diluted  blood  very  rapidly,  especially 
urea  (30),  it  is  possible  that  his  correction  factor  is  too  large. 

The  accuracy  of  the  sodium  chloride  dilution  methods,  aside  from  tech- 
nical errors,  depends  ahnost  entirely  upon  two  conditions,  namely,  a, 
that  the  time  allowed  for  mixture  with  the  blood  is  suflScient,  and  6, 
that  negligible  amounts  of  the  solution  escape  from  the  circulation 
during  the  injection  and  post-injection  periods.  At  this  time  only  the 
specific  question  of  the  raie  of  disappearance  of  the  sodium  chloride  from 
the  circulation  will  be  considered.  Practically  all  of  the  advocates  of 
this  method  of  determining  the  bipod  volume  cite  Cohnstein  and  Zuntz 
(31)  as  having  demonstrated  that  injected  isotonic  sodium  chloride  solu- 
tion leaves  the  circulation  very  slowly.  These  investigators  injected  into 
rabbits  of  known  weight  a  Imown  volume  of  solution  and  found,  after 
dilution  of  the  blood,  that  the  number  of  red  cells  per  unit  volume 
equalled,  within  the  limit  of  error,  the  number  derived  by  calculation 
from  the  imwarranted  assumption  that  the  blood  of  the  rabbit  equals 
A  of  the  body  weight.  Had  they  employed  the  value  A,  which  is 
more  nearly  correct,  the  calculation  would  have  disclosed  a  rapid  dis- 
appearance of  the  solution.  Most  advocates  of  this  method  admit 
that  sodium  chloride  solutions  can  escape  rapidly  from  the  circu- 
lation, but,  overlooking  the  results  of  Sherrington  and  Copeman 
(27),  they  argue  that  this  occurs  only  when  very  much  larger  amounts 
are  injected  than  those  they  use.     It  is  possible,  however,  by  selecting 


Digitized  by 


Google 


184  JOSEPH  ERLANGER 

the  appropriate  section  of  a  curve  of  disappearance  of  large  doses 
of  sodium  chloride  solution,  such  even  as  those  given  by  Smith  and 
Mendel  in  the  rabbit  (32),  to  ascertain  the  rate  of  disappearance  of  any- 
smaller  dose.  It  is  thus  foimd  (see  curve  9)  that  in  the  course  of  4  to 
5  minutes,  the  time  usually  allowed  to  elapse  after  injection  in  man, 
about  26  to  30  per  cent  of  the  solution  injected  disappears,  but  in  the 
rabbit.  This  does  not  take  into  accoimt  such  disappearance  as  may  be 
occurring  during  the  injection  period.  Plesch  (2)  lays  great  stress 
upon  the  fact  that  after  injection  the  blood  for  a  time  dilutes  and  then 
very  slowly  concentrates;  this  behavior  he  beUeves  is  indicative  of  slow 
disappearance  of  the  solution  from  the  circulation;  but,  as  will  be  seen, 
other  explanations  are  possible. 

Some  other  dihdion  methods.  Loewy  (33),  in  man,  injects  isotonic 
glucose  (500  cc.)  and  uses  the  resulting  dilution  of  the  sodium  chloride 
of  the  blood  as  an  index  to  the  blood  volume.  The  method  has  been 
severely  criticised  by  Boenheim  and  Fischer  (34),  mainly  upon  the 
basis  of  the  method  (Bang's  micro  method)  used  by  Loewy  for  deter- 
mining the  sodium  chloride.  Other  serious  objections  to  the  method 
are  that  injected  water  does  not  remain  in  the  circulation  any  longer 
than  does  isotonic  sodium  chloride  (27),  and  that  sodium  chloride 
immediately  begins  to  enter  the  blood  stream  from  the  tissues.  The 
slow  rate  of  injection  he  uses  (10  minutes),  to  say  nothing  of  the  post- 
injection  period  of  5  to  10  minutes,  allows  ample  opportunity  for  these 
interchanges  to  occur.  A  somewhat  similar  method,  described  by 
Deycke  Pascha  (35),  who  employs  changes  in  protein  concentration 
as  the  index  to  dilution,  also  seems  not  to  be  without  objection.  Malas- 
sez  in  1874  (7)  suggested  the  use  of  serum  as  a  diluent.  This  idea 
would  probably  prove  useful  for  the  determination  of  the  blood  volume 
in  animals  for  which  compatible  serum  is  readily  obtainable,  for  serum 
has  the  advantage  over  most  of  the  fluids  available  for  this  purpose  that 
it  leaves  the  circulation  relatively  slowly.  Possibly,  though,  its  constrict- 
ing action  (36),  which  Rous  and  Wilson  (23)  believe  has  been  over  em- 
phasized, may  alter  the  blood  volume.  Robertson  and  Bock  (37)  used 
Bayliss'  solution  (6  per  cent  gum  acacia  in  0.9  per  cent  sodium  chloride) 
as  the  diluent  and  the  hemoglobin  as  the  index  to  the  dilution.  This 
procedure,  on  accoimt  of  the  slow  rate  with  which  gum  solutions  leave 
the  circulation  (32),  (38),  (39),  (40),  (41,  etc.),  must  be  very  much 
superior  to  the  other  injection  methods  thus  far  considered  with  the 
possible  exception  of  Malassez's.  Robertson  $,nd  Bock  had  an  oppor- 
timity  to  compare  in  one  and  the  same  patient  the  reading  made  by 
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this  method  and  by  the  vital  red  method  and  obtained  with  the  latter 
a  reading  higher  by  3  per  cent.  Curiously  enough,  they  charge  the 
error  against  the  accoimt  of  the  gum  solution. 

Replacement  methods.  In  order  to  avoid  an  increase  in  arterial  pres- 
sure with  possible  consequences  upon  the  blood  volume,  Malassez  (7) 
suggested  that  the  animal  be  first  bled  and  then  transfused  with  an 
equal  amount  of  serum.  Nelson  (42)  has  made  practical  use  of  the 
method.  The  dilution  of  the  blood  was  determined  a  half-hour  after  the 
injection,  only.  If  a  relative  as  well  as  an  absolute  reduction  in  red 
cells  is  without  effect  upon  the  blood  volume,  and  if  serum  (or  plasma) 
so  injected  actually  remains  in  the  circulation  in  undiminished  amount 
for  the  period  mentioned  above,  and  does  not  alter  the  blood  volume 
through  its  constrictor  action,  this  method  would  be  without  a  peer. 
In  two  rabbits  Nelson  determined  the  blood  volume,  first  by  this 
method  and  then  by  the  washout  method.  The  former  method  gave 
values  (converted  into  mass)  of  6.4  and  6.1,  the  latter  of  5.7  and  6.4 
per  cent  of  the  body  weight,  respectively.  In  each  of  two  dogs  a  vol- 
ume (converted  into  mass)  of  7.1  per  cent  of  the  body  weight  was 
found.    The  former  results  seem  high,  the  latter  low. 

Harris  (43)  has  recently  described  a  method  which  he  believes  yields 
the  nearest  approach  hitherto  attained  to  the  absolute  value  of  the  blood 
volume.  It  consists  in  bleeding  the  animal  while  transfusing  into  a 
vein  at  the  same  rate  Bayliss'  gum-saline  fluid.  It  is  thus  possible, 
Harris  says,  to  remove  quite  A  of  the  hemoglobin  before  the  animal 
dies.  Just  before  this  point  is  reached  the  process  is  stopped,  and  after 
allowing  3  to  5  minutes  for  thorough  mixing  of  the  remaining  blood 
with  the  known  volume  of  injected  gum-saline,  a  sample  of  blood  is 
drawn.  The  blood  volume  is  calculated  by  introducing  into  his  formula, 
which  space  prevents  our  developing,  values  obtained  through  hemo- 
globin readings.  Harris  presents  no  convincing  proofs  of  the  accuracy 
of  the  method.  It  seems  possible  that  the  extreme  asphyxia  to  which 
the  tissues  are  subjected  by  the  method  might  lead  to  impairment  of 
the  walls  of  the  capillaries  and  transudation  of  fluid. 

Hemorrhage  method,  Vierordt  (44)  based  a  formula  which  gives 
the  blood  volume  upon  the  assumption  that  the  reduction  in  the  number 
of  red  cells  that  develops  during  the  first  few  hours  after  hemorrhage  is 
entirely  relative  and  due  to  replacement  of  the  fluid  drawn.  He  did 
not  claim  for  the  method  any  great  degree  of  accuracy.  Dreyer  and 
Ray  (10)  have  recently  (1910)  made  an  attempt  to  perfect  the  method. 
In  the  rabbit  they  find  that  after  a  hemorrhage  removing  about  20  to 
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25  per  cent  of  the  estimated  total  blood  volume,  the  percentage  of  hemo- 
globin falls  for  about  24  to  48  hours  and  then  remains  constant  for 
about  24  hours  before  it  begins  to  increase.  They  believe  that  during 
this  constant  period  the  blood  volume  is  at  its  original  normal  level. 
In  support  of  this  contention  they  point  to  their  series  of  22  blood  volume 
estimations,  10  by  the  present  method,  the  remainder  by  their  modifica- 
tion of  the  washout  method,  in  which  the  agreement  is  so  close  that  the 
estimations  by  the  two  methods  cannot  be  distinguished  from  each  other. 
Upon  the  whole  the  figures  obtained  from  the  literature,  as  recalculated 
by  Boycott  and  Douglas  (12),  indicate  that  the  lowest  point  reached  by 
the  hemoglobin  after  hemorrhage,  does  correspond  with  the  restoration 
of  the  blood  volmne.  There  are,  however,  exceptions  to  this  rule 
which  indicate  the  necessity  of  always  carefully  controlling  the  method. 
Thus  Boycott  and  Douglas  (12)  and  Douglas  (45)  in  the  rabbit  and 
Keith  (46)  in  man  find  that  at  this  time  the  blood  volume  exceeds  the 
normal;  Whipple  and  colleagues  (47)  using  vital  red,  that  it  is  less  than 
normal,  though  certain  featiu^s  of  their  experiments  are  inexplicable. 
Even  more  serious,  perhaps,  is  the  niunber  of  factors  which  seem  to 
aflFect  the  rate  of  regeneration.  Amongst  these  are  the  extent  of  the 
hemorrhage  (37),  the  amount  of  water  (12),  (37)  and  the  kind  of  food 
(48),  (49),  (50),  (51),  (52)  ingested,  and  the  effect  of  Ught  and  darkness 
(48).  The  fact  that  the  method  can  be  employed  only  in  animals  that 
have  not  been  bled  before,  also  is  indicative  of  the  imstable  position  of 
the  equilibrium  point  of  blood  regeneration. 

The  carbon  monoxide  method.  Gr^hant  and  Quinquaud  in  1882  (53), 
(54)  essayed  to  determine  the  blood  volume  in  the  dog  by  adding  to 
the  air  inhaled  a  measured  volume  of  carbon  monoxide,  one  short  of  the 
amount  that  produces  symptoms  of  oxygen  want,  and  then  determin- 
ing by  gasometric  methods  the  proportion  of  hemoglobin  remaining 
combined  with  oxygen.  Haldane  and  Smith  (55)  adapted  the  method 
to  the  determination  of  the  blood  volume  in  man  and  used  for  the  deter- 
mination of  the  carbon  monoxide  hemoglobin  Haldane's  carmine 
method  which  requires  only  a  few  drops  of  blood,  but  which  in 
the  hands  of  most  investigators  has  proved  unsatisfactory  (56),  (57), 
(58).  Improved  gasometric  methods  of  determining  the  carbon 
monoxide  were  suggested  by  Oerum  (48),  (56)  and  by  Zuntz  and 
Plesch  (58).  The  technique  of  all  of  these  methods,  though,  is 
difficult  and  considerable  practice  is  necessary  to  master  it  (2),  (12), 
(59).  More  recently  (1919)  Van  Slyke  and  Salvesen  (60)  have  de- 
scribed what  seems  to  be  a  simpler  gasometric  method  which  determines 
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the  gas  more  quickly,  more  accurately  and  in  smaller  quantities  of 
blood.  Salvesen  has  used  this  method  for  the  estimation  of  the  blood 
volume  in  the  rabbit  and  in  man  (61). 

Haldane  and  Smith  (55)  considered  as  the  only  considerable  source  of 
error,  aside  from  those  of  a  technical  nature,  which  are  admittedly  large 
(62),  combination  of  the  carbon  monoxide  with  myohemoglobin,  which, 
they  estimated  might  cause  not  more  than  A  of  the  carbon  monoxide 
to  disappear  from  the  blood  stream.  More  recently  (1910)  Douglas 
(63)  found  that  in  man  the  percentage  saturation  of  the  blood  with  car- 
bon monoxide  may  fall  for  as  long  as  16J  minutes  after  terminating  the 
inhalation,  which  itself  lasts  many  minutes,  and  rightly,  we  believe  (see 
page  194)  uses  for  the  calculation  of  the  blood  volume  the  reading  ob- 
tained when  the  level  of  the  carbon  monoxide  becomes  constant.  A 
number  of  tests  have  been  made  in  an  effort  to  ascertain  the  accuracy 
of  the  method,  a,  Douglas  (63)  determined  his  own  blood  volume  every 
few  days  over  a  period  of  about  3  months  and  foimd  the  range  limited 
to  from  4360  to  5240  cc,  the  average  being  4657  cc.  b,  Gr6hant  and 
Quinquaud  (53)  and  Oerum  (56)  state  that  their  methods  indicate  al- 
most exactly  the  amount  of  blood  removed  by  a  hemorrhage.  Boycott 
and  "Douglas  (12)  transfused  or  bled  rabbits  a  measured  amount  and 
found  that  the  method  gave  results  consistent  with  the  known  change  in 
volume,  c,  Douglas  (11)  and  Boycott  and  Douglas  (12)  have  compared 
the  blood  volume  as  determined  in  the  same  animal  by  the  carbon  monox- 
ide method  and  then  by  the  Welcker  method  and  find  the  error,  when 
all  restdts  are  averaged,  to  be  about  nil;  the  range  of  error  in  individual 
trials,  however,  is  wide  and  amounts  to  from  +20  to  — 15  per  cent.  In 
a  later  paper.  Boycott  (13)  collects  the  results  of  36  determinations  of 
the  blood  volume  by  the  carbon  monoxide  method  and  52  by  the  Welcker 
method  in  rabbits.  The  averages  are  5.3  and  4.47  P^r  cent,  respec- 
tively. In  other  words,  the  Welcker  method  gave  lower  results  than 
the  carbon  monoxide  method.  Boycott  thinks  this  might  be  due  to 
the  myohemoglobin,  which  was  not  extracted  by  his  washout  method 
and  which  is  determined  by  the  carbon  monoxide  method;  but,  as  will 
be  seen,  many  of  the  injection  methods,  not  influenced  by  myohemo- 
globin, also  give  higher  results  than  the  washout  method.  Dreyer  and 
collaborators  (10),  (64),  (65),  (66)  feel  that  the  CO  method  gives  incon- 
stant results. 

The  table  shows  that  with  but  one  exception  the  method  gives  fairly 
consistent  average  figures  in  the  case  of  the  rabbit  and  of  the  dog.  In 
the  case  of  man,  however,  the  values  range  between  4.78  per  cent  and 
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8.43  per  cent.  The  fact  that  all  those  investigators  (59),  (61),  (62),  (63) 
who  specifically  state  that  more  than  a  few  minutes  were  allowed  for 
mixture  have  gotten  the  higher  results,  and  that  those  (61),  (63)  who 
used  the  longest  time  interval  got  the  highest  results,  indicate  that  the 
diflferences  are  due  to  the  time  factor.  The  fact  that  Gr6hant  and 
Quinquaud,  who  allow  15  minutes  to  elapse,  get  only  slightly  higher 
results  in  the  dog  than  did  Plesch,  and  the  fact  that  the  time  element 
makes  no  appreciable  difference  in  the  case  of  the  rabbit,  are  not  incon- 
sistent with  this  point  of  view;  for,  on  the  basis  of  the  pulmonary  cir- 
culation time  in  the  rabbit  (3  seconds  (67) ),  and  in  man  (15  seconds), 
a  10-minute  interval,  for  instance,  in  the  case  of  the  latter  subject  is  the 
equivalent  of  a  50-minute  interval  in  the  former,  a  period  undoubtedly 
sufficient  for  even  distribution  throughout  the  blood  stream  of  the 
corpuscles  carrying  the  inhaled  gas. 

Dilution  of  a  foreign  substance.  A  great  variety  of  non-toxic,  difficultly 
diffusible  substances  have  been  suggested  for  injection  into  the  blood 
stream  as  a  means  of  determining  the  blood  volume;  and  a  variety  of 
methods  of  determining  the  degree  to  which  these  substances  are  diluted 
by  the  blood  has  been  employed.  Malassez  in  1874  (7)  recommended 
for  the  purpose  the  injection  of  the  blood  of  an  animal  of  the  same 
species,  but  containing  a  different  number  of  red  cells,  and  determining 
the  degree  of  dilution  by  means  of  red  cell  counts.  In  1878  Quincke  (68) 
employed  the  method  for  the  estimation  of  the  volume  of  blood  in  two 
cases  of  pernicious  anemia  by  transfusing  into  patients  whose  red  cells 
were  reduced,  the  blood  of  normal  subjects.  Lindeman  in  1918  (69)  re- 
described  the  method  and  made  some  determinations  (70)  in  cases  of 
pernicious  anemia.^  Abderhalden  and  Schmid  (71)  have  recommended 
the  injection  of  dextrin  and  its  determination  by  means  of  the  polari- 
scope.  As  the  dextrin  begins  (?)  to  disappear  in  2J  minutes  and  entirely 
disappears  within  14  minutes,  the  method  seems  to  be  of  very  question- 
able value. 

The  exactness  of  the  biological  method  of  determining  the  antitoxin 
content  of  the  blood,  and  its  remarkable  persistence  in  the  blood  after 
injection  gave  to  von  Behring  the  idea  of  employing  it  for  the  purpose 
of  determining  the  blood  volume  (3).  Curiously  enough  the  injected 
antitoxin  occurs  in  considerably  lower  concentration  in  blood  from  the 
right  ventricle  than  in  that  taken  from  the  carotic  artery,  which  is 

*  Denny  (139)  determines  the  blood  volume  in  pernicious  anemia  by  the  effect 
upon  the  oxygen  capacity  of  the  blood  of  the  patient  of  injecting  blood  of  a 
subject  with  a  known  normal  oxygen  capacity. 


Digitized  by 


Google 


BLOOD  VOLUME  AND  ITS  REGULATION  189 

suggestive  of  its  free  passage  into  the  lymph.  The  difference  is  sufficient 
to  necessitate  sampling  distal  to  the  portal  system.  The  corpuscles, 
especially  the  white  corpuscles  (in  leucemia),  cause  a  slight  diminution 
in  the  amount  of  antitoxin  (72).  On  account  of  the  danger  of  anaphy- 
laxis determinations  cannot  be  repeated,  von  Behring  gives  in  very 
great  detail  the  method  of  making  determinations  and  concludes  by 
saying  that  ''if  every  precaution  observed  in  von  Behring's  laboratory 
is  not  taken  ....  the  number  of  sources  of  error  is  inconceiv- 
ably large."  The  method  has  been  used  for  the  determination  of  the 
blood  volume  in  man  by  Fries  (73),  by  Matthes  (89)  and  by  Kammerer 
and  Waldmann  (72). 

Schtirer  (74)  injects  a  foreign  serum  and  determines  the  grade  of 
dilution  by  means  of  the  precipitin  reaction.  The  main  advantage  of 
the  method  is  that  the  injected  serum  leaves  the  circulation  very  slowly: 
after  a  lapse  of  3  hours  it  is  still  present  in  undiminished  amount.  The 
possibility  that  some  disappears  immediately  does  not  seem  to  have  been 
considered,  nor  that  the  constricting  action  of  serum  may  affect  the 
blood  volume.  Repeated  determinations  can  be  made  with  an  error 
of  about  10  per  cent  by  using  different  kinds  of  foreign  sera.  It  would, 
of  course,  be  inadvisable  to  use  it  in  man. 

Meek  and  Gasser  (41)  estimate  the  blood  volume  by  injecting  4  cc. 
of  a  20  per  cent  solution  of  gum  acacia  per  kilo  of  body  weight  and 
determining  gravimetrically  the  amount  of  acacia  in  a  known  volume 
of  blood  10  minutes  later.  In  this  time  no  appreciable  diminution 
occurs  in  the  amount  in  the  circulation  (see  curve  6).  Some  of  the  aca- 
cia disappears  when  it  is  added  to  blood;  their  method  takes  this  into 
account.  McQuarrie  and  Davis  (75)  inject  a  non-coagulable,  highly 
refractive  solution  consisting  of  20  to  25  per  cent  gum  acacia  and  10  to 
20  per  cent  gelatin  in  0.9  per  cent  sodium  chloride  and  determine  the 
change  in  the  refractive  index  of  the  serum  after  precipitating  the  blood 
proteins.  The  mixing  period  they  allow,  3  to  5  minutes,  may  not  be 
sufficiently  long  for  such  a  highly  viscid  solution.  Furthermore,  it  is 
possible  that  the  high  colloidal  osmotic  tension  their  solution  exerts 
may  lead  to  an  expansion  of  the  blood  volume  (30),  (76),  (77),  which 
Meek  and  Gasser  (41)  believe  is  not  appreciable  within  10  minutes  after 
injection  of  a  simple  solution  of  20  per  cent  acacia,  and  that  the  gelatin 
may  rapidly  disappear  from  the  circulation  (78).  It  is  not  surprising 
to  find,  therefore,  that  postponing  the  reading  of  the  blood  volume  after 
the  injection  of  the  mixed  solution  increases  the  result  quite  appreciably. 
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Keith,  Rowntree  and  Geraghty  (79)  succeeded  in  finding  by  means 
of  appropriate  tests  a  dye,  vital  red,  which  is  non-toxic  and  escapes 
slowly  from  the  blood  stream,  and  in  working  out  a  practicable  method 
for  determining  the  blood  volume  with  it,  which  has  since  been  improved 
somewhat  in  certain  respects  by  Hooper,  Smith,  Belt  and  Whipple  (47). 
The  dye  is  diffused  in  the  plasma;  therefore  in  addition  to  the  colori- 
metric  estimation  of  the  dye  in  the  plasma,  the  relative  volume  of  the 
corpuscles  must  be  determined  by  means  of  the  hematocrit.  All  who 
have  worked  with  vital  red  (43),  (47),  (79)  state  that  when  it  is  added 
to  blood  in  vitro  some  disappearance  occurs  but  that  it  is  so  close  to 
the  limit  of  the  error  of  the  colorimetric  method  that  it  is  justifiable 
to  disregard  it.  Inasmuch,  however,  as  the  average  of  the  readings 
always  is  in  the  direction  of  disappearance  of  the  dye  and  amounts  to 
from  1  to  5  per  cent,  this  attitude  seems  scarcely  justifiable.  Intro- 
duced into  the  circulation  in  usual  amounts,  disregarding  for  the  present 
the  behavior  during  the  first  few  minutes,  the  dye  disappears  at  a  slow 
and  constantly  diminishing  rate  (see  curves  2,  3,  4)-  This  rate  of  dis- 
appearance is  somewhat  faster  as  determined  by  Harris  than  as  deter- 
mined by  Whipple  and  colleagues,  due  possibly  to  the  fact  that  Harris 
employed  anesthetics  whereas  Whipple  did  not.  Whipple  states  that 
no  disappearance  occurs  during  the  second  2  minutes  after  injection. 
The  curve  we  have  constructed  from  his  data  (see  p.  193)  shows  that 
this  is  not  correct.  The  method  has  the  advantage  that  it  is  simple  to 
use  and  that  repeated  determinations  at  short  intervals  can  be  made  on 
the  same  subject  (80).  The  possibility  of  incomplete  centrifugation 
of  the  red  cells  due  to  the  employment  of  large  tubes  (81)  seems  to 
have  been  controlled  (47),  though  Whipple  and  collaborators  (47),  (49) 
ha,ve  recently  encountered  inconsistencies  which  they  are  not  ready  to 
discuss.  There  are  no  reasons  for  believing  that  their  difficulties  apply 
to  the  vital  red  method  only.  Dawson,  Evans  and  Whipple  (82), 
from  amongst  60  dye  substances,  found  30  possessing  the  qualities 
essential  for  the  estimation  of  the  blood  volume.  Of  these  they  prefer 
certain  of  the  blue  dyes  to  vital  red,  first  because  they  happen  to  leave 
the  circulation  somewhat  more  slowly;  second,  because  blues  can  be 
read  more  accurately  and  more  rapidly;  and  third,  because  they  do 
not  obscure  hemolysis.  Harris  (43)  feels  that  Congo  red  is  superior 
even  to  vital  red  as  a  dye  for  the  determination  of  the  blood  volume, 
though  he  is  still  engaged  in  tr^-ing  it  out. 
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INTERPRETATION   OF  CONCENTRATION   CURVES 

Curve  during  the  mixing  period.  In  order  to  comprehend  the  proc- 
esses determining  the  form  of  the  concentration  curyes  during  the  mix- 
ing period,  it  is  necessary  to  think  of  the  circulation  as  consisting  not 
alone  of  the  main  systemic-pulmonic  circuit,  but  of  many  subsidiary 
circuits  inserted  into  it  in  parallel  (83),  all  of  very  unequal  lengths  and 
resistances.  To  become  mixed  with  the  whole  of  the  blood  mass  in 
such  a  circulation  an  injected  substance  must  traverse  the  very  slowest 
of  the  paths  at  least  once.  And  imtil  it  is  generally  distributed,  its 
concentration  in  the  blood  of  the  paths  that  have  been  threaded  will 
be  higher  than  the  final  concentration  when  mixing  becomes  complete. 
In  other  words,  a  curve  based  upon  samples  taken  from  a  short  path, 
the  jugular  vein  for  instance,  presumably  will  at  first  rise  above  and 
then  fall  to  the  level  determined  by  the  even  distribution  of  the  injected 
substance.  Without  going  into  detail,  it  is  obvious  that  the  form  of  the 
early  part  of  the  concentration  curve  will  depend  upon  the  location  in 
the  circulation  from  which  samples  are  taken,  and  that  blood  volume 
determinations  based  upon  readings  made  before  mixture  has  become 
intimate  may,  depending  upon  the  region  from  which  samples  are 
taken,  be  high,  or  low,  or,  and  then  only  by  chance,  correct. 

Curve  of  disappearance.  If  a  substance  could  be  found  for  injection 
that  did  not  leave  the  blood  stream,  its  concentration  curve,  when 
mixing  became  complete,  would  run  horizontally.  As  a  matter  of  fact, 
however,  all  the  substances  we  are  dealing  with  must  leave  the  blood 
stream  more  or  less  rapidly.  If  such  a  substance  could  be  made  to 
distribute  itself  instantaneously  and  evenly  throughout  the  circulation, 
it  is  obvious  that  its  rate  of  disappearance  would  have  some  direct  rela- 
tion to  its  concentration;  that  is  to  say,  disappearance  would  be  fastest 
at  first. 

Combination  of  curve  of  mixing  and  of  disappearance.  The  condi- 
tions we  have  premised,  however,  are  not  attainable.  There  will 
always  be  an  injection  period,  when  the  amoimt  of  the  material  in  the 
circulation  is  increasing,  and  a  mixing  period  outlasting  it  an  unknown 
time.  At  what  rate  the  substance  will  disappear  during  these  periods, 
it  it  impossible  to  say.  It  is  clear,  however,  that  only  that  part  of  the 
concentration  curve  is  indicative  of  the  rate  of  disappearance  which 
is  inscribed  after  distribution  has  become  uniform.  It  is  barely  pos- 
sible that  by  means  of  backward  exterpolation  from  the  latter  parts 
of  the  curve  it  might  be  possible  to  determine  not  alone  the  percentage 
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disappearance  during  the  mixing  period,  but  even  the  duration  of  the 
mixing  period,  and  the  concentration  at  the  termination  of  the  injec- 
tion period. 

Actual  concentration  curves.  In  the  figure  we  have  plotted  concen- 
tration curves  from  such  data  as  are  available  in  the  literature.  Five 
are  vital  red  curves.  Two  of  them  (1  and  2)  are  transcribed  from  Harris' 
curves  1  and  5  (43).  Another  (curve  5)  has  been  constructed  from  the 
elaborate  data  of  Whipple  and  collaborators  (82)  (their  table  5),  also 
derived  from  the  dog,  by  assigning  a  value  of  100  to  each  of  the  first  of 
their  17  experiments,  by  expressing  the  subsequent  readings  in  per- 
centages of  the  first,  and  then  using  for  each  of  the  points  on  the  curve 
the  averages  of  the  17  readings  belonging  to  it.  This  method  of  mini- 
mizing the  experimental  error  makes  this  curve  especially  instructive. 
By  a  similar  process  curves  4  and  5  have  been  plotted  from  the  only 
relevant  data  for  the  dog  and  for  man,  respectively,  given  by  Rowntree 
and  collaborators  (79) ;  curve  6  from  data  taken  from  Meek  and  Gasser 
showing  the  concentration  changes  of  gum  acacia  in  the  blood  of  the 
dog  (41),  and  curves  7  and  8  from  Plesch's  cases  II  and  VI,  respectively 
(2),  to  illustrate  two  types  of  concentration  changes  in  the  blood  of  man 
subsequent  to  the  injection  of  sodium  chloride  solution. 

Examination  of  these  curves  shows  that  with  but  one  exception 
(curve  8)  J  the  most  rapid  rate  of  decHne  fails  to  coincide  with  the  start. 
Indeed,  the  start  is  protean  in  form,  the  most  marked  variation  being 
exhibited  by  curve  1.  This  may  be  due  partly,  as  Harris  believes  (43), 
to  the  closeness  of  the  points  (half-minute  intervals)  determining  it; 
though  the  fact  that  the  samples  were  taken  from  a  short  path,  the  jugular 
vein,  may  have  contributed.  This  curve  Harris  (43)  uses  to  account  for 
his  finding  that  when  readings  in  dogs  are  made  li  minutes  after  injection 
(at  the  time  his  curve  is  at  its  crest)  and  4  minutes  after  injection,  the 
resulting  figures  indicating  the  blood  volume  are  respectively  12  and  26 
per  cent  above  the  figures  obtained  in  the  same  animal  by  means  of  his 
replacement  method.  Parenthetically,  it  may  be  stated  that  upon  the 
basis  of  comparative  figures  obtained  by  these  two  methods,  Harris 
concludes  that  determinations  by  the  vital  red  method  are  too  high, 
but  can  be  corrected  by  multiplying  the  IJ  minute  and  the  4-minute 
readings  in  the  dog  by  the  factors  0.90  and  0.75,  respectively;  and  4- 
minute  readings  in  man  by  the  factor  0.80.  These  values  stand  or  fall 
with  the  correctness  of  Harris'  replacement  method. 

Harris  believes  mixture  is  complete  in  the  dog  at  the  time,  80  seconds, 
the  vital  red  reaches  its  maximum  concentration.    As  this  happens  to 
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be  about  twice  the  total  circulation  time  as  deduced  from  Stewart's 
work  (67),  he  infers  that  2  to  2^  minutes  would  be  the  optimum  time  for 
the  withdrawal  of  blood  in  human  observations.  Granting  even  that 
Harris  is  right,  his  deduction  would  bring  us  no  closer  to  the  possi- 
bility of  accurately  determining  the  blood  volume  because  of  the  rapid- 


0  Mm. 


Curve  1 

ity  of  the  fluctuations  in  the  concentration  of  the  injected  substance 
at  that  time.  Plesch  (2)  reads  the  blood  volume  (in  man)  at  a  similar 
stage  after  the  injection  of  sodium  chloride  solution,  i.e.,  when  the  dilu- 
tion of  the  blood  begins  to  give  way  to  concentration;  this,  as  has  been 
seen,  often  occurs  immediately  after  terminating  the  infusion,  never 
more  than  5  minutes  later.    And  Sherrington  and  Copeman  (27)  for 
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the  same  reason  sample  the  blood  of  the  rabbit  about  30  seconds  after 
infusion. 

Neither  is  there  any  assurance  in  the  case  of  curves,  such  as  some  of 
Whipple's  for  vital  red  and  Meek  and  Gasser!s  for  gum  acacia  (curve  6), 
which  at  first  are  practically  horizontal  or  decline  slightly,  that  a  read- 
ing made  in  the  more  horizontal  phase  of  the  curve  is  free  of  error  due 
to  incomplete  mixing  or  disappearance  from  the  blood  stream  or  any 
other  factors  affecting  the  concentration  of  the  substance  in  the  blood. 
Rather,  as  has  been  stated,  the  proper  time  to  read  the  curve  for  the 
blood  volume  presumably  is  when  the  distortion  occasioned  by  uneven 
distribution  of  the  substance  through  the  circulation  is  past.  If,  due 
to  escape  from  the  blood  stream,  the  curve  at  that  tinie  is  falling,  the 
blood  volume,  as  has  been  said,  possibly  could  be  determined  by  esti- 
mating and  allowing  for  the  escape  by  means  of  backward  exterpolation 
of  the  curve.  But  if,  instead,  the  curve  eventually  becomes  horizontal, 
the  calculation  could  be  based  directly  upon  readings  made  at  that 
time.  This  is  the  procedure  employed  by  Douglas  (63)  in  his  determi- 
nations of  the  blood  volume  in  man  by  the  CO  method. 

In  this  connection  it  may  be  well  to  state  that  the  time  required  for 
mixing  to  become  complete  in  various  animals  still  remains  to  be  deter- 
mined. It  probably  has  been  underestimated  by  most  observers. 
Douglas'  figure  indicates  that  in  man  it  is  at  least  16§  minutes.  This 
much,  though,  seems  certain,  namely,  that  if  1 J  to  2  hours  of  perfusion 
with  liquid  driven  by  a  pulsating  pressure  are  required  to  wash  out  98 
per  cent  of  the  blood  of  a  rabbit  (9)  and  if  a  longer  perfusion  of  the  dog 
leaves  behind  8  to  16  per  cent  of  the  blood  (17),  it  seems  absurd  to  ac- 
cept the  usual  figures  of  2  to  5  times  the  circulation  time  as  being  suf- 
ficient to  effect  complete  mixture.  Some  who  recognize  this  difficulty 
would  circumvent  it  by  claiming  for  the  indirect  methods  only  that  they 
determine  the  volume  of  the  ''cu-culating"  blood  (26),  (28),  (84).  The 
conception  as  yet  seems  to  be  too  indefinite  to  be  worthy  of  adoption. 

Lamson  and  Nagayama  (84)  maintain  that  none  of  our  methods  suf- 
fice for  the  determination  of  the  true  total  blood  volume  for  the  reason 
that  blood  is  a  suspension  of  corpuscles  of  constantly  varying  size  (see 
Price-Jones,  85)  in  a  fluid  which  is  also  undergoing  variations  in  volume, 
and  that  the  concentration  of  the  corpuscles  is  not  the  same  throughout 
the  circulation.  The  questions  here  raised  are  considered  later  in  con- 
nection with  the  subject  of  the  relative  blood  volume.  Here  it  may  be 
said  that  these  investigators  do  not  present  any  new  evidence  indicating 
that  variations  of  the  kind  mentioned  are  of  sufficient  magnitude  to  be 
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the  cause  of  our  difficulty  in  determining  the  normal  blood  volume  (see 
p.  200);  they  merely  assume  that  because  vital  red,  which  is  diffused 
through  the  plasma,  indicates  a  blood  volume,  in  man,  of  8.8  per  cent 
and  that  because  CO,  which  is  carried  by  the  erythrocytes,  indicates  a 
blood  volume  (in  the  hands  of  some  investigators)  of  5.5  per  cent, 
therefore,  the  former  determines  the  plasma  volume,  and  the  latter  the 
volume  of  the  corpuscles  floating  in  that  plasma.  Upon  this  basis  they 
develop  a  method  of  arriving  by  calculation  at  the  "  true  blood  volume." 
But  why  adopt  5.5  per  cent  as  the  blood  volume  by  the  CO  method  when 
others  (62),  (63)  get  figures  as  high  as  8.4  per  cent?  While  admitting 
the  soundness  of  their  underlying  argument,  it  has  yet  to  be  demon- 
strated that,  excepting,  possibly,  certain  very  abnormal  conditions  (see 
p.  202),  the  two  types  of  blood  volume  methods  necessarily  give  incon- 
sistent results  and,  if  they  do,  that  the  discrepancies  are  due  to  uneven 
distribution  and  imeven  size  of  the  red  cells. 

The  table  contains  some  of  the  results  obtained  by  all  of  the  more 
important  absolute  blood  volume  methods.  The  lack  of  agreement 
between  results  obtained  through  the  different  methods  and  even  of 
results  obtained  by  different  investigators  using  the  same  method  is 
obvious.  While  a  part  of  this  disagreement  may  be  due  to  actual  dif- 
ferences in  blood  volume,  such  as  is  determined  by  differences  in  weight, 
altitude,  age,  etc.,  etc.,  and  a  part  to  fundamental  defects  in  the  methods 
used,  it  nevertheless  could  be  shown,  if  space  permitted,  that  in  many 
instances  the  differences  can  be  materially  reduced  by  applying  to  the 
results  the  principles  that  have  been  developed  above.  One  interest- 
ing point,  seemingly  confirmative  of  this  view,  is  the  relatively  close 
agreement  of  the  results  by  all  of  the  methods  in  the  case  of  small  ani- 
mals, the  rabbit,  for  instance,  and  the  wider  disagreement  in  the  case  of 
large  animals,  man,  for  instance;  on  account  of  the  brevity  of  the  mixing 
period,  the  smaller  the  animal  the  more  apt  is  the  reading  to  be  made 
after  mixture  has  become  complete,  and  the  more  complete  is  the  yield 
of  hemoglobin  to  perfusion  apt  to  be.  The  views  developed  above  also 
seem  to  accoimt  for  the  exactness  with  which  most  of  the  methods, 
which  give  wholly  different  values  for  the  total  blood  volume,  measure 
a  hemorrhage  or  a  transfusion  of  known  volume  (12),  (47),  (79,  etc.). 
Finally  attention  should  be  called  to  the  wide  discrepancy  in  many  in- 
stances between  the  blood  volume  as  derived  by  direct  and  by  indirect 
methods.  This,  again,  is  especially  obvious  in  the  case  of  larger  ani- 
mals. In  the  dog,  for  example,  the  washout  determinations  rarely 
exceed  8  per  cent  of  the  body  weight,  whereas  many  of  the  indirect  deter- 
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minations  lie  in  the  vicinity  of  10  per  cent.  To  be  sure^  practically  all 
of  the  sources  of  error  inherent  in  the  former  method  tend  to  produce 
low  values;  the  differences,  though,  seem  to  be  too  large  to  be  chargeable 
entirely  against  the  washout  method. 

RELATIVE   BLOOD  VOLUME 

The  determination  of  the  relative  blood  volume  is  based  upon  the 
assiunption  that  during  a  suflSciently  limited  period  of  time  the  total 
niunber  of  red  corpuscles  in  circulation  is  constant  and  that  all  rela- 
tively rapid  physiological  changes  in  the  blood  volume  are  effected  by 
the  passage  of  fluid  back  and  forth  between  the  blood  and  the  tissues. 

The  validity  of  the  assumption  upon  which  this  principle  is  based  is 
by  no  means  universally  granted.  Despite  seemingly  convincing  evi- 
dence both  old  (for  the  literature  see  Hayem  (1)  and  Friedemann  (97) ) 
and  recent  (98),  (99),  (100),  that  in  the  normal  resting  organism  the 
red  cells  are  evenly  distributed  through  the  entire  circulation,  there 
are  those  (the  literature  of  this  phase  of  the  subject  is  fully  reviewed 
by  Lamson  down  to  1915  (101)  )  who  maintain  that  there  are  stores 
of  red  cells  subject  to  call.  It  will  be  possible  to  consider  only 
those  phases  of  this  question  that  bear  very  directly  upon  blood  volmne 
problems,  and  which  have  recently  been  the  subject  of  discussion.  Lam- 
son and  collaborators  (84),  (101),  (102),  (103)  finding  that  the  increase 
in  the  red  cell  count  that  rapidly  develops  after  the  intravenous  admin- 
istration of  adrenalin  is  accounted  for  only  in  part  by  a  decrease  in 
plasma  volume  as  determined  by  the  vital  red  method,  and  that  the 
increase  is  effected  through  the  medium  of  the  liver,  and  only  when  it 
is  accessible  to  the  adrenaUn,  conclude  that  the  "Uver  is  the  organ  which 
suppUes  the  body  with  red  cells  to  meet  its  acute  demands."  They  do 
not  show  by  direct  examination  of  the  blood  that  the  liver  contains 
such  a  store;  as  a  matter  of  fact  it  has  been  shown  that  after  the  injec- 
tion of  adrenalin  the  capillaries  of  the  liver  not  alone  are  not  depleted 
of  red  cells,  they  (104)  and  the  mesenteric  capillaries  also  (105)  may 
actually  be  greatly  engorged,  and  at  a  time  the  cell  count  in  the  general 
circulation  is  high.  In  other  words  '*  polycythemia"  seemingly  occurs 
not  because  of  liberation  of  cells  stored  in  the  Uver,  but  despite  an  ab- 
normal accumulation  of  cells  there  and  elsewhere.  This  accumulation 
of  cells  in  the  capillaries  presumably  is  comparable  to  that  which  occurs 
whenever  the  blood  stream  is  markedly  slowed,  as,  for  instance,  by  cold 
(106),  by  obstructing  the  aorta  or  the  vena  cava  (107),  in  shock  (100), 
etc.,  etc.;  and  presumably  the  '* polycythemia"  is  due  to  the  transuda- 
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tion  of  plasma  that  occurs  under  the  same  circumstances  (27),  (108). 
To  be  sure,  Lamson  finds  that  the  decrease  in  plasma  volume  is  not 
always  sufficient  to  account  for  the  concentration  of  red  cells.  But  it 
seems  precarious  to  decide  so  important  a  question  upon  the  basis  of 
results  obtained  by  a  method  which  seemingly  indicates  too  small  a 
relative  cell  volume  at  a  time  when,  as  a  result  of  hemorrhage,  the  red 
cells  are  sparse  (see  47,  p.  218) ;  for  it  is  not  impossible  that,  per  contra, 
it  may  indicate  too  large  a  cell  volume  when,  as  a  result  of  transudation, 
the  red  cells  are  densely  packed.  Other  observations  taken  as  evidence 
for  the  existence  of  stores  of  red  cells  such,  for  example,  as  the  early 
increase  in  hemoglobin  during  muscular  exercise  (109),  (110)  (interest- 
ing in  view  of  the  opening  up  of  unused  capillaries  which  contain  no 
red  cells  (111) ),  abdominal  massage  (110),  and  diminished  oxygen  pres- 
sure, can  be  accounted  for,  at  least  equally  as  well,  upon  the  basis  of 
alteration  in  the  amount  of  blood  plasma  (62),  (65),  (99),  (112),  (113). 
Scott  argues  (112)  that  if  masses  of  reserve  corpuscles  are  hidden  away 
we  would  expect  them  to  be  called  out  into  the  general  circulation  in 
times  of  stress,  as  for  example,  after  hemorrhage;  and  that  they  would 
be  washed  out  into  the  general  circulation  by  copious  injections  of 
Ringer's  solution;  but  neither  he  nor  Mendel  and  collaborators  (32), 
(114)  get  any  evidences  of  such  effects. 

Not  infrequently  alterations  in  the  relation  of  hemoglobin  to  the  red 
cell  count  have  been  noted  which  seemed  to  be  explicable  only  upon  the 
basis  of  the  entrance  of  new  red  cells  into  active  circulation.  Scott, 
Hermann  and  Snell,  who  give  the  literature  (99),  maintain  that  this 
usually  is  attributable  to  technical  errors.  The  change  in  the  relation 
of  hemoglobin  to  cell  count  and  the  reduction  in  the  size  of  the  red  cells 
following  the  injection  of  adrenalin,  as  observed  by  Lamson  (101), 
likewise  are  not  necessarily  indicative  of  the  presence  of  new  cells,  or 
of  cell  division.  In  so  far  as  these  changes  are  real,  it  is  possible  to 
account  for  them  quite  as  well  by  assuming  that  the  sedimentation  and 
jamming  (115)  caused  by  slowing  of  the  blood  flow,  constriction  and 
plasma  absorption,  hold  back  first  the  heavier  and  larger  corpuscles. 

It  is  clear,  however,  that  in  so  far  as  slowing  of  the  blood  stream  causes 
red  cells  to  accumulate  in  the  capillaries  and  venules,  the  results  ob- 
tained by  means  of  the  relative  method  will  fail  to  indicate  changes  in 
blood  volume.  Indeed,  when  the  condition  becomes  extreme,  as  in  the 
stasis  of  shock,  including  that  produced  by  massive  doses  of  adrenalin, 
even  the  absolute  methods  fail  (108).  Under  such  conditions  altering 
the  blood  supply  to  an  organ  containing  like  the  liver,  highly  permeable 


Digitized  by 


Google 


202  JOSEPH   ERLANGER 

capillaries  (116)  might  very  well  so  alter  the  relation  of  stagnation  of 
red  cells  to  transudation  of  plasma  there  as  to  cause  the  very  changes 
in  the  general  circulation  which  have  led  Lamson  and  Nagayama  (84) 
to  discountenance  blood  volume  determinations  in  general.^ 

Methods  of  estimating  the  blood  voliune  have  been  based  by  Vie- 
rordt  upon  the  circulation  time  and  contraction  volume  (117),  by  Tarch- 
anow  upon  concentration  of  the  blood  associated  with  the  loss  of  water 
during  a  sweat  bath  (118),  by  Arthaud  upon  the  relation  of  blood  pres- 
sure to  pulse  rate  (119),  by  Morawitz  upon  gravitational  changes  in 
arm  volume  (120),  and  by  Cardenal  upon  the  dilution  of  the  blood 
following  the  ingestion  of  water  (121).  Most  of  these  methods  rest 
upon  unjustifiable  inferences  or  upon  an  incomplete  analysis  of  the  proc- 
esses involved  (122). 

HEGULATION  OP  THE  BLOOD  VOLUME 

Although  the  volume  of  the  blood  responds  quickly  to  physiological 
needs  and  pathologically  may  be  subject  to  very  great  alterations,  ob- 
servation indicates  that  the  healthy  organism  strives  to  keep  the  gen- 
eral level  constant.  Indeed,  Chisholm  (96)  finds  that  the  blood  volume 
is  less  variable  than  the  weight  of  the  kidneys,  Uver  and  spleen  consid- 
ered as  per  cent  of  the  total  body  weight.  Richet  and  collaborators 
(18)  alone  maintain  that  the  blood  volume  is  subject  to  great  variation. 
Views  held  with  regard  to  the  mechanisms  concerned  in  maintaining 
this  constancy  of  the  blood  volume  have  recently  been  reviewed  by 
Friedemann  (97)  and  by  Bayliss  (40)  so  that  only  very  recent  contribu- 
tions to  the  subject  need  b^  considered  here. 

Bayliss  emphasizes  in  his  review  the  important  r61e  played  by  col- 
loids through  their  osmotic  pressure  in  maintaining  the  blood  volume, 
as  exemplified  by  the  persistence  with  which  isotonic  gum  acacia  solu- 

*  Bock  (140)  finds  by  the  vital  red  method  in  diseases  presenting  extremes  of 
total  red  cell  volume  a  plasma  volume  approximating  the  normal,  and,  conse- 
quently concludes  that  variations  in  the  total  blood  voliune  are  due  for  the  most 
part  to  changes  in  the  corpuscular  content  of  the  blood.  His  conclusion  is  so 
worded  as  to  seem  to  include  not  alone  the  abnormal  variations  studied  by 
Bock,  but,  and  without  justification,  the  normal  variations  also.  Furthermore, 
this  result  does  not  cast  doubt,  as  Bock  seems  to  beUeve,  upon  the  value  of 
percentile  changes  in  hemoglobin  as  an  index  to  the  relative  blood  volume;  for 
the  conditions  he  has  studied  are  not  those  in  which  the  relative  blood  volume 
method  is  held  to  yield  unambiguous  results  (see  introductory  paragraph  on 
this  subject). 
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tions  remain  in  the  circulation.  Additional  evidence  in  favor  of  this 
point  of  view  is  furnished  by  experiments  showing  that  the  presence  of 
hypertonic  gum  acacia  in  the  circulation  retards  transudation  of  plasma 
both  in  normal  and  in  shocked  animals  (108),  and  causes  an  expansion 
of  the  blood  volume  (77).  This  expansion,  though,  is  remarkably  slow 
and  is  less  than  the  acacia  theoretically  could  produce  through  osmotic 
action  (77).  The  fluid  that  enters  the  blood  stream  brings  with  it 
crystalloids  in  the  same  concentration,  presumably  as  they  occur  in  the 
tissue  fluids,  and  usually  a  very  small  amount  of  protein,  in  addition 
(30).  These  observations,  together  with  the  observation  that  a  hypo- 
tonic solution  of  acacia  also  is  fairly  efficient  in  maintaining  an  expanded 
blood  volume  (123),  seem  to  indicate  that  the  vessel  walls  are  not  wholly 
impermeable  to  colloids  and  that  alterations  in  colloidal  equilibrium 
are  not  of  themselves  sufficient  to  bring  about  the  rapid  interchanges 
of  fluid  between  blood  and  tissues  that  occur  in  association  with  physi- 
ological processes.  Kruse  (124)  maintains  that  this  action  of  acacia  is 
due  in  part  to  interference  with  renal  function.  But  acacia  does  not 
stop  diuresis  (30),  (41),  (76),  (123);  furthermore,  it  is  well  known  that 
absence  of  the  kidneys  does  not  delay  the  elimination  of  injected  solu- 
tions from  the  circulation  (114).  The  expansion  caused  by  the  hyper- 
tonic acacia  can  be  hastened  by  combining  with  it  a  hypertonic  crystal- 
loid (108).  There  are  many  instances,  additional  to  those  referred  to 
by  Bayliss,  iUustrating  the  usefulness  and  innocuousness  of  gum  acacia 
as  a  means  of  maintaining  the  blood  volume  (21),  (30),  (32),  (123), 
(125),  (126),  (127),  (128),  (129),  (130),  (131).  CJontrary  to  de  Kruif 
(132)  and  to  Bayliss  (40)  but  in  agreement  with  Kruse  (133),  Karsner 
and  Hanzlik  (134)  find  that,  in  common  with,  though  to  a  lesser  degree 
than,  a  long  list  of  similar  substances,  gum  acacia  in  1  per  cent  solution 
causes  hemoagglutination  in  vitro  and  elicits  an  anaphylactoid  reaction. 
While  the  latter  authors  advise  caution  in  the  use  of  acacia,  they  give 
no  specific  instances  of  injurious  consequences.  Mann  (135)  and  Richet 
and  collaborators  (136),  (137)  alone  seem  to  feel  that,  in  lieu  of  blood, 
serum  is  superior  to  gum  acacia.  An  interesting  addition  to  the  data 
employed  by  Bayliss  in  developing  this  subject  is  the  observation  by 
Smith  and  Mendel  (32)  that  whereas  all  injected  salt  solutions  leave  the 
circulation  rapidly,  the  very  ones  that  diffuse  with  difficulty  through 
the  gut  (138)  are  also  the  slowest  to  leave  the  circulation. 
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From  the  Physiological  Department  of  the  University  of  Toronto 

From  the  moment  it  enters  the  blood  of  the  portal  system  imtil  its 
oxidation  is  complete,  carbohydrate  is  subject  to  constant  changes. 
These  lead  to  the  production  of  a  long  chain  of  intermediate  products 
of  which  only  two  are  of  sufficient  stabiUty  that  they  accumulate  in 
the  tissues  and  fluids  of  the  body  in  amounts  capable  of  being  meas- 
ured by  chemical  means.  These  substances  are  glucose  and  glycogen, 
the  former  being  mainly  dissolved  in  the  circulating  fluids,  and  the 
latter  mainly  deposited  as  colloidal  masses  within  the  tissue  cells. 
Although  estimations  of  the  amounts  of  these  substances  can  furnish 
us  only  with  fragmentary  knowledge  of  the  history  of  carbohydrate  in 
the  animal  body  as  a  whole,  it  is  nevertheless  the  case  that  the  infor- 
mation thus  gained  is  of  great  value  both  in  understanding  the  general 
nature  of  the  normal  process  and  in  detecting  the  factors  concerned 
in  its  breakdown. 

Most  of  the  recent  work  has  been  done  by  studying  the  concentra- 
tion of  sugar  in  the  blood,  and  the  present  review  will  concern  itself 
primarily  with  this  aspect  of  the  problem. 

Addition  of  glucose  to  the  blood  may  be  the  result  of:  a,  absorption 
from  the  intestine;  6,  hydrolysis  of  glycogen  particularly  in  the  liver 
(gly cogenolysis) ;  c,  new  formation  of  glucose  out  of  non-carbohydrate 
substances  such  as  amino  acids  (gluconeogenesis)^  Disappearance  of 
glucose  may  be  the  result  of :  i,  oxidation  in  the  tissues;  2,  excretion, 
mainly  by  the  kidneys;  3,  polymerization  into  glycogen;  4)  conversion 
into  non-carbohydrate  substances  such  as  fat.  The  blood  sugar  is 
determined  in  order  to  throw  Ught  on  the  behavior  of  one  or  other  of 
these  processes  but  the  results  can  be  of  value  in  doing  so  provided 
only  that  the  processes  other  than  that  imder  investigation  are  main- 
tained in  a  constant  level  of  activity.  Failure  to  recognize  this  prin- 
ciple has  been  responsible  for  a  considerable  amount  of  confusion  in  the 
interpretation  of  the  causes  for  variations  in  the  concentration  of  the 
blood  sugar. 
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In  a  broad  sense,  a  discussion  of  the  sugar  of  the  blood  would  involve 
a  consideration  of  all  of  the  processes  just  enumerated,  but  obviously 
this  is  far  beyond  the  scope  of  the  present  article.  We  must  more  or 
less  arbitrarily  confine  our  attention  to  a  study  of  those  aspects  of  the 
subject  which  in  recent  years  have  seemed  to  be  of  the  greatest  impor- 
tance in  affording  us  means  for  further  progress.. 

These  introductory  remarks  will  serve  to  indicate  the  plan  of  the 
present  article.  After  a  brief  review  of  the  principles  of  the  methods 
used  for  estimating  the  blood  sugar  and  a  comparison  of  their  relative 
degrees  of  accuracy,  we  shall  consider  how  the  glucose  is  contained  in 
the  blood — that  is,  its  distribution  between  corpuscles  and  plasma  and 
whether  it  is  in  simple  solution  or  is  combined  with  other  substances — 
and  its  stability  after  the  blood  is  removed  from  the  body  (glycolysis). 
We  shall  then  study  its  concentration  in  the  normal  animal  before  and 
after  the  taking  of  food  and  the  relationship  existing  between  the  sugar 
of -the  blood  and  urine  under  these  conditions.  Finally,  we  shall  con- 
sider in  what  way  the  concentration  of  blood  sugar  becomes  altered  in 
disease  and  how  far  these  alterations  may  be  of  value  in  diagnosis  and 
treatment. 

Methods  for  measurement  of  concenlraiion.  Without  going  into  detail 
it  is  important  to  consider  briefly  the  general  principles  of  the  methods 
that  are  most  used  today  for  estimation  of  the  blood  sugar  and  to  com- 
pare their  acciuracy.  All  the  methods  depend  on  the  reducing  proper- 
ties of  glucose  and  they  may  be  divided  into  two  groups  according  to 
the  means  employed  to  measure  the  reducing  power.  In  one,  which 
we  may  call  the  tUrimetric  group,  the  reduction  of  cupric  to  cuprous 
oxide  in  alkaline  solution  is  determined  by  titrating  the  latter,  either 
with  ferric  sulphate  and  permanganate  as  in  Bertrand's  method,  or 
with  free  iodine  as  in  Bang's  (5)  and  Maclean's  (36)  methods  and 
their  various  modifications.  In  the  other,  which  may  be  termed  the 
colarimetric  group,  either  the  development  of  a  red  color  due  to  reduc- 
tion, in  the  presence  of  sodium  carbonate,  of  picric  acid  to  sodiimi 
picramate  (33),  (45),  (46),  (48)  or  of  a  blue  color  due  to  the  action  of 
cuprous  oxide  on  Folin's  phenol  reagent  (tungstic  acid)  is  measured 
quantitatively,  by  means  of  a  colorimeter  (13). 

In  the  case  of  the  titrimetric  methods  it  is  necessary  first  of  all  to 
remove  the  protein  by  precipitation,  for  which  purpose  colloidal  iron 
has  been  found  the  most  suitable  reagent,  and  then  to  heat  the  protein- 
free  filtrate  with  the  alkaline  cupric  solution.     In  the  case  of  the  picric 
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acid  methods,  the  same  reagent  that  is  used  to  precipitate  the  protein 
remains  in  excess  in  the  filtrate,  and  serves  as  the  reagent  which  becomes 
changed  in  color  by  the  reduction  process.  Provided  the  precautions 
that  are  laid  down  for  each  method  by  its  author  are  taken,  all  of  them 
yield  entirely  satisfactory  results  when  pure  solutions  of  glucose  are 
used  (and  also  when  glucose  is  added  to  blood),  but  they  do  not  agree 
so  well  when  used  for  estimation  of  the  sugar  originally  present  in 
different  samples  of  the  same  blood.  The  most  recent  comparisons  of 
the  results  of  different  methods  have  been  published  by  Host  and 
Hatlehol  (23)  and  by  Wesselow  (61).  The  former  observers  compared 
four  methods  using  blood  samples  from  normal  and  sick  individuals 
either  with  or  without  the  addition  of  known  quantities  of  glucose. 
Tjrpical  observations  are  given  in  table  1.  The  results  in  column  1 
are  for  blood  of  a  normal  person,  those  in  S  for  that  of  a  patient  suffer- 
ing from  uremic  coma,  and  those  in  3  for  one  suffering  from  diabetes. 

TABLE  1 


Titrimetric . . 
Colorimetric . 


Bang 
Hagedom 

Benedict 
Folin 


PBB  CBMT  QLUOOSB 


0.C97 

0.091 

0.118 
0.105 


0.118 
0.124 

0.151 
0.121 


0.145 
0.169 

0.198 
0.188 


It  will  be  seen  that  the  colorimetric  methods  usually  give  higher  values 
than  the  titrimetric.  These  differences  were  usually  observed  in  all 
of  the  thirty-five  similar  comparisons  that  were  made.  The  results  of 
the  two  titrimetric  methods  usually  agreed  with  one  another  more 
closely  than  did  those  of  the  two  colorimetric  methods,  and  in  the 
latter  case  those  by  the  Benedict  method  were  almost  invariably  higher 
than  those  by  the  Folin  method.  By  all  four  methods  glucose  added 
to  the  blood  was  recovered  with  very  Uttle  error  (average  3.3  per  cent 
for  83  estimations),  which  was  usually  in  the  direction  of  finding  more 
than  the  quantity  added.  This  indicates  that  the  discrepancies  in 
the  estimations  on  the  original  blood  cannot  be  due  to  a  loss  of  glucose 
but  rather  because  the  colorimetric  methods  measure  other  substances 
than  glucose.  What  these  substances  may  be  is  not  known.  Creati- 
nine might  be  largely  responsible  in  the  case  of  uremic  coma  but  this 
is  doubtful  for,  as  pointed  out  by  Myers  (46),  although  "each  milli- 
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gram  of  creatinine  present  in  the  blood  introduces  an  error  of  about  the 
same  magnitude  in  per  cent*'  (i.e.,  a  blood  with  20  mgm.  creatinine 
would  raise  the  blood  sugar  from  0.100  to  0.120  per  cent),  the  error  can 
only  seldom  be  of  consequence  since  it  is  rare  to  find  more  than  5 
mgm.  creatinine  per  100  cc.  blood." 

Wesselow  compared  the  results  of  the  Maclean  and  Benedict  meth- 
ods, using  blood  and  plasma.  In  the  blood  it  was  found  that  the 
results  by  Benedict's  method  were  45  per  cent  higher  than  those  by 
Maclean's,  and  in  the  plasma,  12  per  cent.  These  discrepancies  became 
still  more  marked  when  a  centrifuged  mass  of  corpuscles  was  employed. 
Either  the  colorimetric  method  includes  other  substances  than  glucose, 
or  reduction  in  the  titrimetric  is  interfered  with  in  some  way.  Wesse- 
low believes  that  creatinine  is  largely  responsible  for  the  discrepancies. 
It  should  be  pointed  out  that  Benedict  has  recommended  that  the 
error  due  to  creatinine  could  be  avoided  by  treatment  with  charcoal  or 
by  discharging  the  creatinine  color  by  means  of  acetone. 

The  preceding  discussion  of  the  value  of  the  various  methods  will 
enable  us  to  place  a  proper  estimate  on  the  results  obtained  by  their 
use.  We  may  safely  conclude  that  for  the  great  majority  of  clinical 
purposes  any  of  the  methods  is  sufficiently  reUable  provided  the  same 
one  is  always  used.  Now  that  inexpensive  colorimeters  are  readily 
available  there  can  be  no  doubt  that  the  simple  colorimetric  method 
best  meets  the  routine  requirements  of  the  clinic  and  of  general  prac- 
tice,^ but  for  research  work  the  method  of  Bertrand  or  Maclean  should 
possibly  be  employed. 

How  the  glucose  is  contained  in  (he  blood.  It  is  usually  assimied  that 
the  reducing  power  of  a  protein-free  filtrate  of  blood  is  proportional  to 
the  concentration  of  glucose.  This  assumption  is  however  not  entirely 
warranted  since  the  blood  is  known  to  contain  traces  of  fructose,  alde- 
hydes, ketones,  glycuronic  acid,  uric  acid,  creatinine  and  perhaps  other 
reducing  substances.  To  determine  the  extent  to  which  these  sub- 
stances may  contribute  to  the  total  reducing  power  of  blood,  it  has 
been  attempted  to  destroy  the  glucose  by  fermentation  with  yeast  and 
then  determine  the  reducing  power  of  the  fermented  solution.  This 
method  is  however  uncertain  since,  on  the  one  hand,  the  yeast  may 
itself  contain  reducing  substances,  or  produce  them  during  its  action, 
and  on  the  other,  it  may  so  change  the  non-fermentable  reducing 

*  For  details  of  rapid  clinical  method  see  Myers.  For  Myers  test  tube  colo- 
rimeter, see  Sorensen  (65). 
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substances  as  to  rob  them  of  their  reducing  qualities  (cf.  (37),  (23)). 
When  we  add  to  these  possible  sources  of  error  the  fact  that  fermen- 
tation of  yeast  is  as  a  rule  more  or  less  incomplete  we  see  how  unreliable 
this  method  may  be.  As  a  matter  of  fact,  investigators  do  not  agree 
as  to  whether  fermented  normal  blood  filtrate  does  actually  possess 
reducing  powers. 

The  problem  has  been  attacked  by  Stepp  (58)  by  the  application  of 
an  entirely  different  principle.  This  worker  removed  the  proteins  and 
other  colloids  from  blood  by  phosphotungstic  acid.  He  then  deter- 
mined the  amoimt  of  residual  carbon  and  compared  this  with  the 
amoimt  that  would  be  expected  by  calculation  from  the  sugar  deter- 
mined in  another  sample  of  the  same  blood  by  Bertrand's  method. 
In  certain  cases  of  diabetes  the  residual  carbon  actuaUy  found  was 
lower  than  that  calculated  from  the  sugar,  thus  indicating  that  the 
blood  contained  reducing  substances  with  a  lower  percentage  of  carbon 
than  glucose.    In  other  cases  the  opposite  relationship  was  found. 

Assuming  that  the  reducing  power  of  a  protein-free  filtrate  of  blood 
is  at  least  proportional  to  the  glucose  contained  in  the  original  blood, 
two  questions  present  themselves  for  consideration;  first,  is  all  of  <the 
sugar  in  simple  solution  or  is  a  part  of  it  in  some  sort  of  combination 
with  other  blood  constituents;  and  secondly,  how  is  the  sugar  dis- 
tributed between  the  corpuscles  and  the  plasma? 

Concerning  the  manner  of  existence  of  the  sugar  in  blood,  there  are 
conflicting  views.  Thus:  a,  that  it  is  aU  in  simple  solution  as  glucose; 
b,  that  part  is  in  simple  solution  as  glucose,  the  remainder  being  in 
combination,  either  very  loosely  or  more  firmly,  with  protein;  c,  that 
part  is  in  simple  solution  as  glucose  the  remainder  existing  as  disac- 
charide  or  polysaccharide  (e.g.,  glycogen,  dextrines).  So  far  as  our 
present  knowledge  goes  the  only  way  by  which  the  problem  can  be 
directly  investigated  is  by  studying  the  diffusibility  of  the  blood  sugar 
through  membranes.  When  normal  or  diabetic  blood  is  placed  in  a 
dialyzer  with  a  suflScient  amoimt  of  isotonic  saline  solution  outside,  the 
sugar  all  disappears  from  the  blood  in  24  to  48  hours;  or  when  the  out- 
side fluid  is  limited  in  amoimt,  diffusion  occurs  until  the  percentages  of 
sugar  within  and  without  the  dialyzer  are  equal,  as  in  the  striking  vivi- 
diffusion  experiments  of  McGuigan  and  Ross  (40)  and  of  J.J.  Abel  (1). 
There  are  certain  theoretical  objections  to  accepting  the  results  of  these 
experiments,  as  bearing  on  the  present  question,  but  most  of  them 
are  met  in  the  experiments  of  Michaelis  and  Rona  (41).  These 
workers  placed  equal  quantities  of  fresh  unclotted  blood  in  a  series  of 
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small  dialyzers,  each  of  which  was  then  immersed  in  an  isotonic  saline 
solution  containing  glucose  in  percentages  which  varied  between  0.05 
and  0.2  in  the  different  solutions.  After  dialysis  for  24  hours  at  low 
temperature,  analysis  of  the  specimens  of  blood  for  sugar  revealed  the 
fact  that  the  percentage  had  become  changed  in  all  save  that  one  which 
had  been  dialyzed  against  a  solution  containing  the  same  percentage  of 
glucose  as  the  blood  itself.  When  the  dialysis  occurred  against  solu- 
tions containing  a  lower  or  a  higher  percentage  of  glucose  than  the 
blood,  the  percentage  in  the  latter  fell  or  rose  (differential  dialysis). 
This  would  seem  to  prove  that  all  the  sugar  in  blood  must  be  in  simple 
solution. 

Objections  have,  however  been  raised  against  these  experiments  by 
Kleiner  and  by  Hamburger.    Kleiner  (28)  points  out  that  although  the 
blood  sugar  is  shown  to  come  into  equilibrium  with  glucose  solutions 
after  prolonged  periods  of  dialysis,  this  does  not  necessarily  mean  that 
the  rate  with  which  the  diffusion  occurs  at  the  various  stages  of  the 
process  is  the  same  for  the  glucose  naturally  present  in  blood  as  for 
glucose  artificiaUy  added  to  the  blood.    Assuming  that  the  manner  of 
combination  of  glucose,  if  such  exists,  would  be  similar  in  diabetic 
and  normal  blood,  he  compared  the  rate  of  diffxmon  of  the  sugar  from 
diabetic  blood  with  that  of  normal  blood  to  which  a  suflBcient  amount 
of  glucose  had  been  added  to  make  the  percentage  approximately 
equal  to  that  of  the  diabetic  blood.    He  did  this  by  dialyzing  15  cc. 
quantities  of  "hirudin"  blood  against  1  liter  of  Ringer's  solution  at 
controlled  temperatures,  removing  2  cc.  samples  of  blood  at  intervals 
of  one  hour  for  analysis.    By  plotting  curves  of  the  percentage  of 
sugar  remaining  in  the  blood  at  the  end  of  each  period,  it  was  found 
that  the  curve  for  normal  blood  plus  glucose  descended  in  a  perfectly 
regular  manner  from  hour  to  hour,  more  rapidly  at  first  and  slower 
later,  but  that  the  curve  for  diabetic  blood  was  irregular  because  the 
dialysis  was  delayed  or  completely  interrupted  during  one  or  more 
periods,  usuaUy  that  of  the  second  hour.    These  differences  between 
the  normal  and  the  diabetic  bloods  were  exaggerated  by  delaying  the 
dialysis  either  by  use  of  thick  parchment  dialyzers  or  by  adding  a 
certain  amount  of  glucose  to  the  outside  fluid.    It  is  difficult  to  inter- 
pret these  results.    Kleiner  thinks  that  they  indicate  that  some  at 
least  of  the  sugar  in  the  diabetic  blood  must  be  in  a  combined  state 
and  he  infers  that  if  such  a  compound  is  present  in  diabetic  blood  there 
is  a  possibility  that  it  also  exists  in  normal  blood.    The  observations 
are  interesting  but  scarcely  conclusive. 
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Hamburger  (18)  raises  objection  to  the  dialysis  experiments  on  the 
gromid  that  although  it  diffuses  through  parchment  or  collodion,  the 
sugar  may  really  be  combined  with  colloids,  and  he  quotes  Bechhold's 
observations  showing  that  some  colloidal  substances  can  diffuse  through 
membranes.  In  observations  in  which  the  kidney  of  the  frog  was 
perfused  through  the  renal  artery  with  isotonic  solutions  containing 
glucose,  this  investigator  found,  in  the  fluid  flowing  from  the  ureters, 
somewhat  less  glucose  than  was  present  in  the  perfusion  fluid  when 
ordinary  Ringer's  solution  was  used,  and  that  the  retention  could  be 
increased,  so  that  the  mine  became  free  of  glucose  by  raising  the  per- 
centage of  bicarbonate  in  the  perfusion  fluid  to  0.285,  which  makes  it  of 
the  same  reaction  as  frogs'  blood.  Alteration  of  the  relative  amounts 
of  calcium  and  potassium  in  the  perfusion  fluid  was  also  found  to  affect 
the  permeability. 

The  chief  reason  why  so  much  interest  has  been  taken  in  the  possi- 
bility that  some  of  the  sugar  exists  in  combination  in  the  blood  plasma, 
is  that  it  might  serve  to  explain  the  supposed  absence  of  sugar  in 
urine  imder  normal  conditions.  But  now  that  it  is  firmly  established 
that  normal  urine  does  contain  sugar  and  that  the  concentration  of  this 
runs  at  least  approximately  parallel  with  that  in  the  blood,  the  reason 
for  assuming  that  some  of  the  blood  sugar  is  combined  no  longer  exists. 
Gushny's  observations  on  the  filtration  of  blood  serum  through  collo- 
dion filters  further  support  the  view  that  sugar  filters  through  the 
glomerular-  epithelium. 

Quite  apart  from  the  possibility  that  some  of  the  sugar  maybe 
loosely  attached  to  other  substances,  several  of  the  older  authors, 
notably  Pavy  (47a)  and  Lepine  (31),  believed  that  a  portion  of  it 
exists  more  firmly  combined  so  that  it  can  be  detected  only  after  treat- 
ment of  the  blood  with  strong  (hydrolyzing)  reagents  or  with  specific 
enzymes.  Pavy  found  that  the  concentration  of  sugar  was  decidedly 
increased  by  boiling  the  blood  with  mineral  acid  and  Lepine  states  that 
decided  increase  also  occurred  when  the  blood  was  simply  allowed  to 
stand,  especially  at  a  moderate  degree  of  warmth.  I  have  never  suc- 
ceeded in  confirming  this  latter  observation.  For  example,  I  have 
compared  the  reducing  power  (by  Bertrand's  method),  of  blood  col- 
lected in  ice-cold  water  and  immediately  precipitated  with  colloidal 
iron,  with  that  of  blood  simultaneously  collected  and  then  allowed  to 
stand  in  the  incubator  for  15  to  40  minutes  before  precipitation  (37a). 
In  a  series  of  nine  observ^ations,  partly  on  normal  and  partly  on  dia- 
betic blood,  the  percentage  reducing  power  was  invariably  found  to  be 
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less  after  incubation  than  before,  because  of  glycolysis.  Lepine  also 
states  that  a  similar  increase  may  occur  in  the  free  sugar  of  the  blood 
during  its  passage  from  the  inferior  vena  cava  to  the  carotid  artery. 
If  a  spontaneous  increase  in  blood  sugar  does  really  occur,  the  probable 
cause  is  that  the  blood  circulating  in  the  body  contains  substances  of 
the  nature  of  dextrine  or  glycogen,  upon  which  diastatic  enzymes  act 
so  as  to  produce  reducing  sugars.  These  glycogen-like  substances 
would  be  expected  to  be  more  plentiful  in  blood  taken  from  the  hepatic 
veins  than  elsewhere,  since  they  could  not  exist  for  long  because  of  the 
powerful  diastatic  enzymes  present  in  blood.  It  is  of  interest  in  this 
connection  that  Huber  and  I  (24)  have  been  able  to  confirm  the  obser- 
vation of  Ishimori,  working  with  Hofmeister,  that  material  giving 
Best's  carmine  stain  for  glycogen  can  be  observed  to  be  extruded  from 
the  liver  cells  into  the  hepatic  (japillaries  (sinusoids)  when  the  glyco- 
genolytic activities  of  the  liver  are  excited,  either  by  piqdre  or  by  stimu- 
lation of  the  great  splanchnic  nerves.  I  may  state  however  that  I 
have  not  foimd  it  possible,  by  chemical  means,  to  detect  more  than  a 
trace  of  glycogen-like  material  in  blood  coUected  from  the  vena  cava 
opposite  the  entrance  of  the  hepatic  veins  under  the  above  conditions. 
Large  quantities  of  blood  from  markedly  diabetic  animals  were  col- 
lected immediately  under  alcohol,  the  precipitate  digested  with  30  per 
cent  caustic  potash,  and  the  further  isolation  of  glycogen  carried  out 
according  to  Pfliiger's  directions. 

Distribution  of  sugar  between  plasma  and  corpuscles.  Closely  related 
to  the  question  of  the  condition  of  sugar  in  the  blood  is  that  of  its 
relative  concentration  in  the  plasma  and  corpuscles.  Should  equality 
of  concentration  of  the  sugar  in  plasma  and  corpuscles  be  found  to  exist, 
it  would  lend  some  support  to  the  view  that  all  of  the  sugar  is  in  a  state 
of  simple  solution.  The  evidence  would  not  however  be  of  the  same 
weight  as  that  of  the  dialysis  experiments  of  Rona  and  Michaelis  already 
referred  to,  since  equilibrium  between  free  and  combined  sugar  might 
exist  both  within  and  without  the  corpuscle.  For  another  reason 
however  the  comparisons  are  of  interest,  namely,  that  they  will  show 
whether  the  corpuscles  may  serve  either  as  storehouses  for  sugar,  as 
they  do  for  oxygen,  or  at  least  as  buffers  in  that  they  take  up  and  give 
off  sugar  more  slowly  than  the  plasma.  Although  no  sugar  can  pass 
between  the  blood  and  the  tissue  cells  without  first  of  all  becoming 
dissolved  in  the  plasma,  it  is  possible  that  the  diffusion  occurs  at  such 
a  rate  that  the  corpuscles  contain  a  perceptibly  lower  concentration 
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of  sugar  than  the  plasma,  when  the  percentage  in  the  blood  as  a  whole 
is  rising,  and  conversely  a  greater  concentration,  when  the  hyper- 
glycemia is  passing  oflf.  These  considerations  explain  why  the  com- 
parisons have  been  made  both  in  normal  blood  and  in  blood  containing 
excessive  amounts  of  sugar. 

There  are  two  methods  by  which  the  partition  of  the  sugar  has  b^n 
determined,  the  direct  and  the  indirect.  In  the  direct  methody  the  blood 
is  centrifuged  and  the  corpuscular  sediment  washed  free  of  adherent 
plasma  by  centrifuging  with  isotonic  solution,  the  concentration  of 
sugar  being  then  separately  determined  in  plasma  and  corpuscles.  The 
method  is  highly  faUacious  partly  because  the  corpuscles  contain 
substances  which  vitiate  the  accuracy  of  the  sugar  estimations  and 
partly  because  the  corpuscles  run  the  risk  of  losing  much  of  their  sugar 
either  by  diffusion  into  the  solution  that  is  used  to  wash  them  or  by 
glycolysis  (p.  218).  In  the  indirect  method^  the  blood  is  centrifuged  and 
the  percentages  of  sugar  are  separately  determined  in  the  whole  blood 
and  in  the  plasma;  by  also  measuring  the  relative  volumes  of  plasma 
and  corpuscles  the  percentage  of  sugar  in  each  of  these  is  readily 
calculated. 

The  results  obtained  even  by  the  indirect  method  can  approximate 
the  distribution  of  sugar  in  the  living  blood  only  when  the  separation 
into  corpuscles  and  plasma  is  effected  very  rapidly  after  the  blood  has 
been  removed  from  the  body.  Otherwise  there  must  be  a  tendency  to 
equalization  of  concentration  within  and  without  the  corpuscles  by 
diffusion. 

Observations  have  been  made  on  normal  blood  and  on  blood  contain* 
ing  an  excess  of  sugar.  The  results  are  not  entirely  consistent.  A  few 
of  them  for  normal  blood  are  given  in  the  accompanying  table. 

It  will  be  observed  that  the  results  vary  somewhat  according  to 
the  species  of  animal  and  the  method  employed  for  determination  of 
the  sugar.  UsuaUy  the  corpuscles  contain  either  practically  the 
same,  or  a  lower  concentration  of  sugar  than  the  plasma,  the  difference. 
being  more  marked  in  the  blood  of  the  dog  than  in  that  of  man.  Occa- 
sionaUy  however,  as  in  the  second  case  in  the  table  the  corpuscles  may 
contain  more  sugar  than  the  plasma.  It  is  said  that  there  is  no  sugar 
in  the  corpuscles  of  the  rabbit  (29). 

When  glucose  solutions  are  added  to  fresh  human  blood  so  as  to  bring 
the  total  concentration  of  sugar  up  to  about  that  of  a  severe  case  of 
diabetes  (0.3  to  0.5  per  cent),  Rona  and  Doblin  (51)  found  that  in  2 
minutes  much  of  the  glucose  had  penetrated  the  corpuscles,  although 
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not  enough  to  equalize  the  partition  between  them  and  the  plasma. 
Repeated  washing  of  the  corpuscular  sediment,  by  centrifuging  with 
isotonic  saline,  is  said  to  cause  the  corpuscles  to  lose  the  power  of 
absorbing  glucose,  indicating  that  some  change  has  occurred  which 
reduces  their  permeability  or  selective  solubility. 

The  partition  of  sugar  has  been  studied  in  the  blood  in  various  forms 
of  experimental  diabetes  in  laboratory  animals  (37)  by  numerous  work- 
ers, and  the  results  agree  in  showing  that  if  any  difference  exists  between 
corpuscles  and  plasma,  it  is  in  the  direction  of  there  being  a  greater 
concentration  in  the  plasma.    The  discrepancy  becomes  greater  as  the 

TABLE   2 


▲KIMAL 

lUTHOD  U8BD  rOB  MBASUBB- 
MBNT  OF  BBDXJCX2VO  POWBB 

Of  whole 
blood 

Of  plumm 

Ofoorpua- 

olesby 
calcuUtiOD 

AlTTHOBfl 

Man 

Colorimetric 

0.12 

0.118 

0.121 

Bailey  (4) 

Man 

Colorimetric 

0.12 

0.106* 

Bailey  (4) 

Man 

Colorimetric               I 

0.136 
0.102 

0.135 
0.099 

0.136 
0.102 

Gradwohl  & 
Blavais  (17) 

0.062 

0.079 

0.026 

1 

Dog 

Colorimetric               < 

0.089 

0.111 

0.035 

Wishart  (64) 

0.096 

0.100 

0.087 

Man 

Schenck's  method, 
Knapp's  solution 

0.098 

0.105 

0.082 

Tachau  (59) 

Dog 

Bang 

0.081 

0.090 

0.070 

Tachau 

Man 

Colloidal  iron  and 
Bertrand 

0.094 

0.098 

0.089 

Rona  and  Ddblin 

(51) 

*  The  percentage  of  sugar  in  the  whole  blood  remained  consistently  higher 
than  that  in  the  plasma  during  the  hyperglycemia  that  was  brought  about  by 
giving  the  patient  who  was  suffering  from  hypoth3rroidism  240  grams  glucose 
(cf.  table  15  of  Bailey's  paper). 

hyperglycemia  becomes  more  marked  but  there  does  not  seem  to  be 
any  evidence  to  show  that  dxuing  the  declining  stages  of  hyperglycemia 
the  corpuscles  retain  sugar  longer  than  the  plasma.  Several  of  the 
researches  in  this  field  are  however  of  little  value  either  because  the 
sugar  was  estimated  separately  in  sediment  and  plasma  or  because 
uncertain  methods  for  estimation  of  the  sugar  were  employed.  In 
post-prandial  hyperglycemia  in  normal  men  Bailey  (4)  and  Wishart  (64) 
found  in  general  similar  results. 

In  cases  of  diabetes  meUitus  in  man,  the  most  reliable  of  the  older 
work  is  that  of  Frank  (14)  who  found  decidedly  more  sugar  in  the 
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plasma  than  the  corpuscles,  and  of  Michaelis  and  Rona  (41)  who  found 
only  a  trivial  but  variable  difference  between  the  two  values.  More 
recently,  Tachau  (59)  found  the  foUowing  values  in  the  blood  of  fasting 
diabetics: 


PLASMA 

CORPUSCLBS 

1 

0.138 

0.120 

2 

0.173 

0.125 

3 

0.165 

0.165 

4 

0.185 

0.181 

5 

0.323 

0.230  (average) 

In  similar  cases  after  the  ingestion  of  carbohydrate-rich  food,  he  found: 

PLASMA 

CORPUSCLES 

6 

0.231 

0.212 

7 

0.361 

0.325 

8 

0.126 

0.126 

9 

0.325 

0.300 

10 

0.428    / 
0.234 

0.4801 

11 

0.243' 

While  the  results  in  general  confirm  those  already  mentioned,  they  also 
show  that  occasionaUy  the  corpuscles  may  contain  more  sugar  than  the 
plasma.  The  factor  upon  which  the  distribution  depends  is  probably 
the  relative  solubility  of  the  sugar  in  plasma  and  corpuscular  material 
respectively,  rather  than  any  specific  permeability  of  the  corpuscular 
envelope  toward  sugar  molecules. 

Glycolysis  in  blood.  As  has  been  pointed  out  elsewhere,  the  per- 
centage of  sugar  in  blood  decreases  after  this  has  been  drawn  from  the 
body,  independently  of  the  growth  of  microorganisms.  The  rate  of 
decrease  is  more  or  less  proportional  to  the  temperature  at  which  the 
blood  is  aUowed  to  stand.  In  dog-blood  about  one-half  the  sugar 
disappears  in  2^  hours  at  body  temperature.  This  in  vitro  process  is 
caUed  glycolysis  and  it  has  been  thought  by  some  (e.g.,  Lepine  (31)) 
to  be  the  continuation  of  an  irttra  vitam  process.  It  occurs  readily  in 
defibrinated  blood  or  in  blood  prevented  from  clotting  by  hirudin,  but 
it  is  interfered  with  by  oxalate  in  concentrations  over  0.1  per  cent  and 
is  not  exhibited  by  plasma  or  serum.    Glycolysis  is  especially  active 
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in  the  corpuscles,  thus,  all  the  sugar  was  found  to  disappear  from  the 
deposit  of  centrifuged  (dog)  blood  at  body  temperature  in  i  hour 
(37a).  Both  hemocytes  and  leucocytes  probably  participate  in  it. 
Suspensions  of  leucocytes  (such  as  diluted  pus)  possess  strong  glyco- 
Ijiic  powers  (32)  but  hemocytes  are  also  said  to  be  able  to  show  it  in 
the  absence  of  leucocytes  (50).  Laking  the  blood  with  saponin  does 
not  stop  glycolysis  but  it  ceases  when  the  blood  is  laked  with  water 
although  not  if  diluted  with  artificial  plasma  containing  buffer  sub- 
stances (Locke's  solution).  Abundance  of  oxygen  favors  glycolysis 
.  although  it  can  still  proceed  under  anaerobic  conditions.  When  the 
corpuscles  are  frequently  washed,  by  centrifuging  with  isotonic  saline, 
and  then  suspended  in  artificial  plasma  (Locke's  solution)  containing 
glucose,  no  glycolysis  occurs.  This  brings  to  mind  the  observation  that 
a  similar  treatment  of  the  corpuscles  also  renders  them  incapable  of 
absorbing  glucose  (p.  217),  and  would  therefore  suggest  that  glycolysis 
is  an  intracorpuscular  process.  The  degree  to  which  it  occurs  in  any 
particular  blood  will  therefore  depend  on  two  factors,  first,  the  rate  of 
absorption  of  glucose  into  the  corpuscle  and  secondly,  the  glycolytic 
power  of  the  corpuscular  contents. 

When  all  of  these  facts  are  considered  it  is  not  siuprising  to  find  that\ 
the  rate  of  glycolysis  varies  considerably  in  the  blood  of  different! 
species  of  animals.  Glycolysis  is  almost  absent  in  the  blood  of  the  ox,  | 
the  sheep  and  the  pig  (39).  It  varies  also  in  the  blood  of  different  indi- 
\iduals  of  the  same  species,  or  even  of  the  same  individuals  at  different 
times,  and  it  has  been  attempted  to  show  in  the  case  of  man  that  this 
variability  bears  some  relationship  to  the  ability  of  the  organism  as  a 
whole  to  metabolize  carbohydrates.  Its  determination  has  therefore 
been  thought  to  be  of  some  value  in  the  diagnosis  of  diabetes  (31),  but 
few  agree  with  this  view.  The  strongest  evidence  against  it  is  the  fact 
that  even  under  the  most  favorable  circumstances  the  reduction  in 
percentage  of  glucose  which  occurs  by  glycolysis  outside  the  body  is 
very  small  compared  with  the  reduction  in  the  circulating  blood  after 
removal  of  the  liver.  Thus,  Pearce  and  I  (37c)  found  that  0.83  to 
4.46  mgm.  glucose  disappeared  from  100  grams  blood  per  minute  in 
animals  from  whom  the  liver  had  been  removed  whereas  only  0.03  to 
0.06  mgm.  disappears  from  blood  in  vitro  at  the  very  beginning  of  the 
glycolytic  process  when  it  is  most  rapid.  The  presence  of  excess  of 
glucose  in  the  blood  does  not  cause  alteration  in  the  rate  of  glycolysis. 
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The  percentage  of  sugar  in  the  {venous)  blood  of  man  and  in  that  of  the 
lower  anirruds.  Since  carbohydrate-rich  food  markedly  affects  the 
blood-sugar  level  it  is  necessary  for  its  comparison  among  different 
individuals  to  consider  only  those  results  obtained  in  blood  removed 
some  time  after  feeding.  To  ensure  that  the  interval  is  long  enough 
it  is  usuaUy  the  practice  in  observations  on  man  to  use  the  blood  in  the 
morning  before  breakfast.  In  the  following  table  are  given  some  of  the 
values  recently  obtained  in  healthy  adults  and  children. 

It  will  be  observed  that  the  maximum  percentage  reported  by  dif- 
ferent observers  is  very  much  the  same  and  with  one  exception  is  not 
above  0.12,  the  minimum  on  the  other  hand  varies,  and  may  go  as 
low  as  0.044. 

TABLE  3 


NUIIBBR  OF 
CA8E8  OB8BRVBD 

TARIATIONS  IN 
BLOOD-BUGAS 

MBTBOD  U8BD 

OB8BBTBB8 

30  adults 

0.06-0.12 

Original  Lewis-Benedict 

Gettler  and  Baker  (16) 

0.06-0.11 

Bang  micro 

Hopkins  (22) 

100  adults 

0.044-0.12 

Modified  Lewis-Benedict 

Cunmiings    and    Piness 

(10) 

500  adults 

0.09-0.11 

Modified  Lewis-Benedict 

Myers  and  Bailey  (45) 

16  adults  I 

0.09-0.12 
0.08W).ll 

Modified  Lewis-Benedict 

Denis,  Aub  and  Minot 

(11) 

113  adults 

0.07  -0.14* 

Original  Lewis-Benedict 

Williams  and  Hum- 
phreys (63) 

0.09-0.11 

Lewis  and  Benedict  (33) 

26  children 

0.072-0.113 

Original  Lewis-Benedict 

Bass  (6) 

100  children 

0.087-0.118 

Bang  micro 

Goetz  (cf.  6) 

*  Some  cases  were  examined  one  hour  after  taking  food. 

It  is  of  interest  to  compare  these  values  for  human  blood  with  those 
obtained  by  similar  methods  in  the  blood  of  lower  animals,  table  4. 

By  study  of  these  figures  the  striking  fact  comes  to  light  that  the 
concentration  of  soluble  carbohydrates  in  the  circulating  fluids  is 
similar  to  that  in  man  in  representative  animals  from  throughout  the 
animal  kingdom,  as  far  down  the  scale  as  the  Arthropods  at  least.  The 
only  exceptions  are  in  the  cases  of  the  dog-fish  (Squalus)  and  rat-fish 
(Chimaera).  Some  observers,  Diamare  for  example,  have  stated  that 
there  is  no  sugar  in  the  blood  of  the  former  and  it  is  the  case,  that  in 
many  specimens  of  this  fish  examined  by  us  no  reducing  substance 
could  be  detected  by  the  ordinary  tests.  In  others,  however,  quite 
considerable  quantities  were  found  and  in  certain  cases  where  none 
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TABLE  4 


PER  CENT  BBDUCINO  POWER 

ANIMAL 

METHOD  AND  OBSERTEB 

Maximum 

Minimum 

Average 

Dog 

0.102 

0.073 

0.085 

Colloidal  iron  Bertrand, 

*'*'o 

Oppler  and  Rona  (47) 

( 

0.146 

0.075 

0.111 

Colloidal  iron  Bertrand, 

Dog  (immediately  after  1 
etherization | 

Macleod  and  Pearce  (37*^) 

0.2C6 

0.093 

Keeton  and  Ross  (26*) 

Cat 

0.C96 

0.056 

0.069 

Phosphotungstic  acid,  E.  L. 

Scott  (56) 

Cat  (under  Cocaine) .... 

0.0736 

0.0546 

0.0664 

Scott's  method,  Schear  (57) 

0.13 

0.08 

0.10 

Colloidal  iron— polarization, 

Rabbit j 

Oppler  (47) 

0.13 

0.08 

0.10 

Bang  (3) 

Marmot : 

1.  Hibernating 

0.009 

Dubois  (cf.  5) 

2.  Active 

0.117 
0.23 

Birds  (chicken) 

Bierry  and  Fandard  (5) 

Tortoise 

0.21t 

0.05 

0.102 

Unpublished.    Picric  acid 

Froe 

0.05 

0*02 

Bang  (3) 

*  *  ^o  •  •• ■ •• 

Fish: 

Teleostomi  (carp) .... 

0.145 

0.058 

O.C90 

Picric  acid,  Lang  and  Mac- 
leod (30) 

(Lake  trout) 

0.081 

Picric  acid,  Lang  and  Mac- 

leod (30) 

Chimaera  (rat  fish)*. . 

0.037 

0.022 

0.028 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Elasmobranchus  (dog 

fish) 

0.038 

0.000 

Trace 

Picric  acid,  Lang  and  Mac- 

leod (30) 

Molluscs  (horse  clam) . . . 

Trace? 

Picric  acid,  Bertrand,  Liing 
and  Macleod  (30) 

Arthropods: 

Cancer  productus .... 

0.081 

0.039 

0.040 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Cancer  irrotatus 

0.11 

0.06 

0.074 

Picric  acid,  Lang  and  Mac- 
leod (30) 

Homarus  Americanus . 

• 

Trace 

Picric  acid,  Bertrand,  Lang 
and  Macleod  (30) 

Octopus 

0.032 

Bierry  and  Giaja  (5) 

*  Fish  dead  some  time  before  blood  removed, 
t  Turtle  possibly  asphyxiated. 
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could  be  detected  by  the  usual  chemical  procedures  (e.g.,  reduction  of 
picric  acid,  Bertrand  method),  this  became  possible  by  using  larger 
quantities  of  blood,  extracting  the  evaporated  protein-free  filtrate  with 
absolute  alcohol,  and  measuring  the  reducing  power  of  a  watery  solu- 
tion of  the  evaporated  alcoholic  extract.  In  the  closely  related  rat-fish 
(chimaera)  a  relatively  low  percentage  of  sugar  was  also  found  by  the 
picric  acid  method.  In  contrast  to  these  fishes,  the  higher  forms,  repre- 
sented by  the  Teleostomi,  gave  results  that  are  practically  the  same 
as  for  man.  One  might  imagine  that  the  concentration  of  blood  sugar 
would  gradually  become  less  and  less  the  lower  one  descended  in  the 
invertebrate  scale,  but  this  is  apparently  not  the  case  since  a  percent- 
age of  about  0.07  was  found  (in  the  circulating  fluid)  of  one  species  of 
crab  (cancer  irroratus)  and  from  0.04  to  0.08  per  cent  in  another  (cancer 
productus).  When  no  sugar  can  be  detected  in  the  circulating  fluids 
the  possibility  has  to  be  considered  that  this  is  due  to  a  process  of 
rapid  glycolysis  setting  in  immediately  the  fluid  is  withdrawn  for  anal- 
ysisj  rather  than  to  an  actual  deficiency  in  sugar.  We  gained  the 
impression  that  glycolysis  is  very  rapid  in  the  circulating  fluids  of 
marine  animals. 

It  should  be  pointed  out  that  the  identity  of  the  so-called  blood 
sugar  of  the  lower  forms  has  not  been  precisely  determined  although 
there  is  some  evidence  that  it  is  closely  related  to  glucose  since  it  forms 
with  phenyl  hydrazine  crystals  of  osazone  that  are  indistinguishable  in 
microscopical  appearance  from  glucosazone.  The  interesting  possi- 
bility must  not  be  lost  sight  of,  however,  that  the  circulating  carbo- 
hydrate, or  a  part  of  it,  may  be  pentose  rather  than  hexose,  at  least 
in  those  forms  of  invertebrates  that  live  exclusively  on  vegetable  foods 
containing  pentosans  in  place  of  starches.  Certain  moUusks  live  on 
such  food,  and  although  in  these  animals  we  have  not  found  it  possible 
to  collect  a  sufficient  amount  of  circulating  fluid  in  which  to  deter- 
mine whether  glucose  is  present,  it  is  significant  that  the  polysaccharide 
(glycogen)  in  the  liver  is  apparently  identical  with  that  of  the  higher 
animals.  This  is  also  the  case  for  still  more  primitive  forms  of  animal 
(and  plant  life)  (27). 

That  there  is  close  correspondence  in  the  concentration  of  soluble 
carbohydrates  in  the  circulating  fluids  of  such  diverse  groups  of  ani- 
mals, emphasizes  the  importance  of  this  substance  in  the  animal  econ- 
omy. The  well-known  facts  that  sugar  still  remains  in  considerable 
percentage  in  the  blood  up  to  the  last  days  of  starvation  in  laborator}*^ 
animals  and  that  it  is  produced  in  excess  out  of  amino  acids  in  diabetes 
afford  further  evidence  of  its  importance. 
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The  blood'Sugar  curve  following  ingestion  of  carbohydrate.  In  the 
preceding  pages  attention  is  paid  to  the  manner  in  which  the  sugar  is 
contained  in  the  blood  and  to  its  concentration  under  normal  condi- 
tions. In  the  hope  that  the  results  might  prove  to  be  of  clinical  value, 
much  attention  has  been  paid  in  recent  years  to  the  quantitative 
behavior  of  the  blood  sugar  during  increased  intestinal  absorption. 
We  shall  now  briefly  review  the  main  aspects  of  this  work  and  consider 
the  value  of  the  results  in  relationship  to  the  diagnosis  of  diabetic  con- 
ditions. The  first  observations  were  those  of  Bang  and  his  pupils  (3) 
who  found  in  rabbits  that  the  sugar  in  the  blood  of  the  ear  vein  became 
perceptibly  increased  in  about  15  minutes  after  giving  starving  animals 
2  to  10  grams  of  glucose  or  of  starch  by  stomach  tube.  The  percentage 
of  blood  sugar  continued  to  increase  for  about  one  hour,  when  it  might 
attain  to  double  its  normal  percentage  (aUmentary  or  post-prandial 
hyperglycemia),  after  which  it  gradually  declined  so  as  to  regain  the 
starvation  level  in  about  3  hours.  When  starch  or  starch-containing 
foods  were  giveft  to  rabbits  in  which  digestion  was  already  in  progress 
no  effect  on  the  blood  sugar  was  observed  to  occur.  These  results 
clearly  showed  that  the  Uver  does  not  succeed  in  retaining  as  glycogen 
all  of  the  glucose  that  is  absorbed  from  the  intestine  into  the  blood  of 
the  portal  circulation  when  the  absorption  is  rapid,  although  it  may 
succeed  in  doing  so  when  the  absorption  is  slow.  The  pubUcation  of 
these  fundamental  observations  naturaUy  stimulated  many  workers  in 
the  clinical  field  to  investigate  the  behavior  of  the  concentration  of  blood 
sugar  in  man  before  and  following  the  ingestion  of  carbohydrates  and 
other  food  stuffs  in  the  hope  that  the  results  might  be  of  value  in  diabetes 
and  in  other  diseases.  These  investigations  were  happily  rendered 
feasible  by  the  introduction  about  this  time  of  simple  and  accurate 
methods  for  the  measurement  of  sugar  concentration  in  small  amounts 
of  blood.  Without  any  great  inconvenience  to  the  patient,  samples  of 
blood  can  be  removed  at  frequent  intervals  from  the  arm  veins,  and  the 
results  of  the  analyses  for  sugar  then  plotted  on  coordinate  paper  as 
ordinates  with  the  time  intervals  along  the  abscissa.  Some  of  the 
results  are  given  in  the  accompanying  charts  which  have  been  redrawn 
from  Bailey's  paper  (4).  There  are  three  aspects  of  the  curves  to  be 
considered — first,  the  maximum  height  attained;  second,  the  time  at 
which  this  maximum  occurs  and  its  duration  (after  giving  the  carbo- 
hydrate) ;  and  third,  the  time  required  for  the  curve  to  return  to  normal. 
It  will  also  be  convenient  to  consider  here  the  concentration  of  blood 
sugar  at  which  glycosuria  becomes  established,  the  so-called  renal 
threshold  for  sugar. 
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Fig.  1.  Blood  sugar  curves  for  normal  individuals  following  the  ingestion  of 
100  grams  or  more  of  glucose.     (From  Bailey.) 
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The  maximum  height  of  the  curve  following  the  ingestion  of  100  grams 
glucose  varies  greatly  in  different  individuals.    Thus,  in  four  cases 
observed  by  Jacobson  (25)  it  reached  only  to  between  0.12  and  0.13 
per  cent,  whereas  in  eight  other  cases  it  reached  to  between  0.17  and 
0.23  per  cent.     In  eight  persons  examined  by  Hopkins  (22)  the  maxi- 
mum stood  between  0.11  and  0.156  per  cent  and  in  six,  examined  by 
Hamman  and  Hirschman  (20),  between  0.1  to  0.14  per  cent.     (Fig.  1.) 
As  would  be  expected,  considerable  irregularity  was  also  observed  in 
the  time  at  which  the  maximum  occurred  and  in  the  duration  of  the  hyper- 
glycemia.    In  Jacobson's  observations  the  maximimi  occurred  in  about 
one-half  hour  and  was  of  short  duration,  in  those  cases  in  which  the 
maximum  only  reached  a  low  level,  but  it  might  be  delayed  for  one 
and  one-half  hours  in  the  cases  in  which  the  maximum  was  high.    The 
maximum  was  reached  in  about  one-half  hour  in  four  of  Hopkins' 
cases,  but  in  four  others  it  was  decidedly  later  and  the  duration  varied 
greatly.    Cummings  and  Piness  (10)  examined  the  blood  sugar  in  58 
normal  subjects  before, "  1  hour  and  2  hours  after  giving  100  grams 
glucose  and  they  emphasize  the  fact  that  the  rise  in  blood  sugar  attains 
its  maximum  (at  about  50  per  cent  above  the  normal)  during  the  first 
hour  and  drops  to  about  one-half  this  during  the  second  hour.    Their 
method  of  blood  analysis  is  however  scarcely  so  reliable  as  that  ordi- 
narily employed.    In  Hamman  and  Hirschman's  observations    the 
maximum  was  reached  in  from  20  minutes  to  IJ  hours  and  the  duration 
of  the  hyperglycemia  varied  between  45  minutes  and  Z\  hours,  being 
more  or  less  proportional  to  the  height  of  the  maximum  and  the  time 
of  its  occurrence.     If  it  were  permissible  to  calculate  an  average  from 
results  that  vary  so  greatly  this  would  show  that  the  administration  of 
lOO  grams  glucose  on  an  empty  stomach  should  raise  the  blood  sugar  of 
a  -nojTQal  person  to  about  0.15  to  0.16  per  cent  in  from  30  to  60  minutes 
^^d    -the  normal  should  be  regained  in  about  2  hours.    The  causes  for 
fc/io   discrepancies  are  no  doubt  dependent  mainly  on  inequaUties  in  the 
^^^^-tive  function  such  as  the  rate  of  discharge  of  the  glucose  through 
^"'^     Xi>yloric  sphincter,  the  volume  of  the  intestinal  contents,  and  the 
^^^^""^^  and  nature  of  bacterial  digestion.    It  is  further  evident  from 
Tie^,^^  results  that  if  determinations  of  alimentary  hyperglycemia  are 
■^■^^  of  any  value  for  clinical  purposes,  the  samples  of  blood  must  be 
rertx^i^^^gd  for  analysis  at  least  at  half-hour  intervals.    During  the  first 
^^^^*^    after  taking  the  sugar  Bailey  advocates  blood  examinations  every 
^^.^^="^er  of  an  hour. 
"*^^^ng  also  found  that  a  second  administration  of  glucose  during  the 
^^li:xie  of  the  hyperglycemia  produced  by  the  first  one,  was  followed 
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by  a  much  less  marked  reaction.  This  has  been  confirmed  by  Hamman 
and  Hirschman  on  normal  and  diabetic  men.  The  significance  of  the 
result  is  that  it  indicates  that  assimilation  of  sugar  causes  stimulation 
of  the  sugar-destroying  functions  of  the  body.  It  is  possibly  partly 
for  this  reason  that  hyperglycemia  is  much  less  pronoimced  when  sugar 
absorption  is  slow,  as  when  starch  is  ingested.  The  first  absorbed 
sugar  stimulates  the  metabolic  functions  so  that  that  subsequently 
absorbed  is  better  assimilated. 

The  renal  threshold.  Before  we  proceed  to  compare  the  foregoing 
normal  results  with  those  obtained  in  diseased  individuals,  it  will  be 
advantageous  to  consider  the  relationship  which  exists  between  the  degree 
of  hyperglycemia  and  the  development  of  glycosuria.  It  will  be  remem- 
bered that  Claude  Bernard  was  responsible  for  the  view  that  no  glucose 
appears  in  the  urine  until  the  concentration  of  the  blood  sugar  reaches 
a  certain  level  which  has  come  to  be  known  as  the  renal  threshold  for 
sugar.  Justified  by  the  inabiUty  of  the  great  majority  of  investigators 
to  demonstrate  by  the  usual  qualitative  tests  the  presence  of  glucose 
in  normal  urine,  this  doctrine,  until  comparatively  recently,  has  been 
almost  universally  subscribed  to.  The  diflBculties  in  the  way  of  decid- 
ing whether  normal  urine  contains  glucose  are  dependent  on  the  pres- 
ence in  this  fluid  of  other  substances  capable  of  reducing  alkaUne  copper 
solutions  (i.e.,  creatinine,  polyphenols,  urochrome,  glycuronic  add)  as 
well  as  of  substances  which  interfere  with  the  proper  precipitation  of 
cuprous  oxide.  These  interfering  substances  can  be  very  largely 
removed  by  precipitation  with  mercuric  nitrate  (55),  (7)  or  with  phos- 
photungstic  acid  and  lead  acetate  (47)  or  with  picric  acid  (46)  or  with 
blood  charcoal  in  the  presence  of  25  per  cent  glacial  acetic  acid  or  15 
per  cent  pure  acetone  (52),  (37b).  After  such  precipitation,  the  urine 
exhibits  decided  reducing  properties  but  notwithstanding  the  large 
amount  of  attention  that  has  been  devoted  to  the  subject  it  is  not 
definitely  known  what  proportion  of  this  is  due  to  glucose.  By  fer- 
mentation with  yeast  there  is  a  certain  diminution  in  the  reducing 
power,  which  would  indicate  the  presence  of  glucose,  but  the  precise 
nature  of  the  non-fermentable  material  is  uncertain,  although  there  is 
evidence  (7)  to  show  that  it  is  carbohydrate  in  nature. 

Although  we  cannot  accurately  measure  the  glucose  excretion,  it  is 
very  important  to  know  whether  the  total  of  carbohydrates  in  the 
urine  of  normal  animals  bears  any  quantitative  relationship  to  the 
percentage  of  sugar  in  the  blood.  Using  the  charcoal  method  for 
removal  of    the  interfering  substances,   Macleod,  Christie   and  Don- 
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aldson  (37b)  found  that  from  1  to  1.85  gram  of  such  material  were 
excreted  in  the  24-hour  urine  of  two  normal  men  living  on  mixed 
diets  containing  a  considerable  proportion  of  carbohydrate.  Using 
the  mercuric  nitrate  method,  Benedict,  Osterberg  and  Neuwirth  (7a) 
found,  in  two  normal  men  of  55  and  22  years  of  age,  the  total  daily 
excretion  to  vary  between  0.7  and  1.16  grams  while  living  on  ordinary 
diets,  and  to  rise  to  a  maximim  of  1.6  grams  when  excess  of  carbo- 
hydrate was  given.  The  ratio  between  the  amount  of  fermentable 
and  imfermentable  sugar  excreted  also  varied  in  relationship  to  the 
natiu-e  of  the  diet.  The  most  significant  results  were  secured  by 
making  the  observations  on  urine  voided  every  2  hours  during  the  day, 
the  results  being  of  the  same  nature  in  both  of  the  subjects  investigated, 
though  quantitatively  greater  in  the  older  man.  After  each  of  the 
three  meals  of  the  day,  when  these  were  rich  in  carbohydrates,  an 
increase  occiured  in  the  fermentable  sugar  accompanied,  at  least  in 
the  forenoon,  by  a  decided  decrease  in  both  the  absolute  and  the  rela- 
tive amounts  of  the  non-fermentable  sugar.  In  the  early  morning 
(starving)  urine  the  total  reducing  substance  was  small  but  the  non-fer- 
mentable moiety  relatively  large.  No  definite  relationship  could  be 
detected  between  the  volume  of  the  urine  and  the  extent  of  the  excre- 
tion of  either  fermentable  or  non-fermentable  sugar.  The  increase  in 
fermentable  sugar  might  be  so  marked  as  to  bring  its  concentration 
irp  to  the  level  at  which  the  ordinary  clinical  tests  for  sugar  were  pro- 
nounced. The  important  practical  conclusion  is  drawn  from  the 
results  that  "the  normal  organism  is  truly  diabetic  in  that  it  has  no 
absolute  tolerance  for  carbohydrate."  In  other  words,  the  diJBference 
between  the  normal  and  the  diabetic  is  wholly  a  quantitative  one. 

Observations  were  also  made  on  the  effects  which  foDowed  ingestion 
of  weighed  quantities  of  glucose  and  of  cane  sugar,  either  on  an  empty 
stomach  or  along  with  food.  In  the  case  of  the  older  man,  on  an 
empty  stomach,  although  20  grams  glucose  scarcely  altered  the  total 
sugar  excretion  it  invariably  caused  the  non-fermentable  moiety  to 
become  both  absolutely  and  relatively  diminiished.  This  indicates 
that  a  change  occurs  in  the  nature  of  sugar  metabolism  in  the  body  by 
ingestion  of  moderate  quantities  of  glucose.  With  40  grams  glucose, 
the  total  sugar  excretion  increased  but  again  the  amount  (both  abso- 
lute and  relative)  of  non-fermentable  sugar  feU  decidedly.  These  effects 
were  much  less  marked  when  cane  sugar  was  given.  There  was  some 
evidence  to  show  that  the  ingestion  of  glucose  increased  the  assimila- 
tive powers  of  the  organism  since  ingestion  of  a  second  quantity  did 
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not  have  so  marked  an  influence  upon  sugar  excretion  as  the  first  one. 
When  20  grams  glucose  were  added  to  an  average  meal,  the  elimination 
of  fermentable  sugar  was  decidedly  greater  than  when  glucose  was 
given  on  an  empty  stomach  but  here  again  the  non-fermentable  sugar 
decreased.  This  efifect  was  brought  out  still  more  strikingly  by  adding 
25  grams  of  glucose  to  each  of  the  three  meals:  the  fermentable  sugar 
was  greatly  increased  but  the  non-fermentable,  diminished.  In  the 
case  of  the  younger  man  these  results  were  not  so  striking.  The 
tolerance  for  glucose  was  much  greater,  for  it  required,  on  an 
empty  stomach,  60  grams  glucose  to  cause  any  noticeable  effect  on  the 
urine,  this  being  however  of  the  same  nature  as  in  the  older  man. 
Taken  along  with  food,  on  the  other  hand,  20  grams  glucose  were  suflS- 
cient  to  have  an  effect.  When  25  grams  glucose  were  added  to  each 
meal  of  the  day,  there  was  no  change  in  the  total  sugar  excretion  but  a 
decline  occurred  in  the  non-fermentable  moiety.  Somewhat  similar 
results  were  obtained  in  the  case  of  two  dogs,  but  we  have  not  space  to 
discuss  them  here. 

i  The  observations  referred  to  show  conclusively  that  the  doctrine  of  a 
definite  renal  threshold  must  be  abandoned.  We  must  recognize  that 
the  normal  urine  contains  sugar  which  becomes  altered  in  amount 
under  conditions  which  are  known  to  cause  a  change  in  the  blood  sugar. 
The  term  glycosuria  means  nothing  more  than  the  presence  of  a  suffi- 
cient percentage  of  sugar  in  the  urine  to  give  the  ordinary  qualitative 
tests  and  the  term  glycuresis  as  suggested  by  Benedict  should  be  sub- 
stituted to  indicate  the  condition  in  which  the  sugar  present  in  urine 
becomes  increased  above  a  certain  amount.  It  is  probable  that  in 
place  of  the  usual  qualitative  tests  for  glycosuria  the  procedure  which 
will  in  the  future  be  employed  in  the  diagnosis  of  incipient  stages  of 
diabetes  wiD  be  to  measure  the  total  and  the  fermentable  sugar  excre- 
tion in  the  24-hour  urine.  Provisionally  we  may  say  that  if  the  total 
urinary  sugar  exceeds  1.5  grams  in  the  24-hour  urine  on  an  ordinary 
diet  the  case  should  be  further  investigated  by  testing,  in  2-hour  speci- 
mens, the  effect  which  is  produced  by  adding  a  certain  amount  of 
glucose  to  each  of  the  meals  of  the  day.  But  whether  the  procedure 
will  prove  itself  to  be  more  dependable  than  measurement  of  the  blood- 
sugar  curve  foDowing  sugar  ingestion  has  not  as  yet  been  established. 
What  is  needed  now  are  observations  on  apparently  normal  individuals 
of  various  ages  doing  varying  amounts  of  muscular  work  and  living  on 
various  diets,  to  determine  the  precise  relationship  between  alimentary 
hyperglycemia  and  glycuresis.    Such  observations  wiD  furnish  us  with 
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normal  standards  with  which  results  obtained  in  suspected  cases  of 
diabetes  can  be  compared  and  it  is  altogether  likely  that  in  this  way 
we  shaD  be  enabled  to  detect  a  tendency  to  breakdown  of  carbohydrate 
tolerance  at  an  earlier  stage  than  is  possible  at  present  when  such  can 
be  done  only  provided  the  glycuresis  is  so  pronounced  that  the  more  or 
less  arbitrary  clinical  tests  for  sugar  in  the  urine  react  positive.  As 
experience  accumulates  it  will  no  doubt  be  possible  to  curtail  consid- 
erably the  number  of  urinary  analyses  that  will  be  necessary  to  detect 
excessive  glycuresis. 

From  what  has  been  said,  it  will  be  clear  that  the  sugar  level  at  which 
a  sufficient  degree  of  glycuresis  becomes  established  to  cause  the  urine 
to  react  by  the  ordinary  clinical  tests  for  sugar  (the  renal  threshold  for 
sugar)  is  a  more  or  less  arbitrary  value.  Nevertheless  it  is  of  impor- 
tance to  determine  it  because  it  enables  us  to  detect  an  alteration  in 
the  sugar-excretory  function  of  the  kidney.  Such  an  alteration  in 
the  direction  of  a  lowering  of  the  threshold  is  known  as  renal  diabetes. 
It  is  probable  that  many  cases  of  slight  glycosuria  are  really  of  the 
renal  type  and  that  the  prognosis  in  such  cases  is  vastly  more  favorable 
than  when  hyperglycemia  is  the  cause  of  the  glycosuria. 

Attempts  to  determine  the  threshold  have  been  made  by  Jacobson,  ^  f  '' 
Bailey,  Hamman  and  Hirschman,  etc.  Sugar  was  found  in  the  urine 
when  the  percentage  in  the  blood  reached  0.17  but  not  0.16  by  Jacob- 
son.  Hanunan  and  Hirschman  usually  foimd  the  threshold  at  between 
0.17  and  0.18  per  cent  blood  sugar  but  occasionally  it  might  be  as 
low  as  0.14  per  cent.  This  variability  in  the  normal  threshold  is 
emphasized  elsewhere  by  one  of  these  authorities.  Williams  and 
Humphreys  accept  0.17  to  0.18  per  cent  as  the  normal  threshold  value. 
It  is  safe  to  conclude  that  the  threshold  in  the  majority  of  normal  per- 
sons is  at  such  a  level  that  demonstrable  glycosuria  occurs  when  the 
percentage  of  sugar  in  the  blood  rises  to  0.17.  Bailey  by  using  Myers' 
method  for  measm^ment  of  the  reducing  power  of  the  clinically  sugar- 
free  urine,  was  enabled  to  study  the  problem  in  light  of  Benedict's 
results  and  he  found  that  the  percentages  of  sugar  in  the  blood  and 
urine  run  parallel  imtil  the  former  has  risen  to  between  0.16  and  0.17, 
above  which  an  excess  of  sugar  appears  in  the  urine  and  as  the  hyper- 
glycemia passes  off  the  decrease  in  the  blood  sugar  precedes  that  in 
the  blood.  This  relationship  is  shown  in  the  accompanying  curve  of  a 
typical  case.  According  to  these  results  the  renal  threshold  represents 
a  critical  point  in  blood  sugar  below  which  the  sugars  of  blood  and  urine 
run  parallel  but  above  which  a  large  excess  of  sugar  escapes  into  the 
urine.     (Fig.  2.) 
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Fig.  2.  Chart  to  show  relationship  between  per  cent  sugar  in  the  blood  and  in 
the  urine.  It  will  be  observed  that  the  threshold  stands  at  about  0.17.  Up  to 
this  point  the  sugar  in  urine  and  in  blood  runs  parallel  but  above  it  excessive  gly- 
curesis  occurs.  Note  also  that  the  glycuresis  is  still  marked  after  the  percentage 
of  sugar  in  the  blood  has  returned  well  below  the  threshold  level.  The  crosses 
indicate  the  degree  to  which  the  urine  reacted  positive  for  qualitative  tests  for 
sugar.     (Redrawn  from  Bailey.) 
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While  recognizing  that  determination  of  the  blood-sugar  curve  is  of 
undoubted  value  in  the  detection  of  disturbed  conditions  of  carbo- 
hydrate metabolism,  we  must  bear  in  mind  that  there  are  still  many 
perplexing  factors  to  be  considered  before  we  can  adequately  explain 
the  rates  of  utilization  and  excretion  of  sugar  in  the  body.  Epstein 
(12)  and  Woody att  (62),  (53)  have  more  particularly  emphasized  the 
necessity  of  considering,  besides  the  concentration  of  sugar,  the  blood 
volumej  that  is,  the  increase  or  decrease  in  water.  This  will  entail  a 
change  in  the  percentage  relations  of  the  various  substances  dissolved 
in  blood,  including  the  sugar,  which  may  not  run  paraDel  with  changes 
in  total  amounts.  As  a  result  of  numerous  observations  on  normal  and 
diabetic  men,  Epstein  came  to  the  conclusion  that  it  is  the  total  amount 
of  sugar  in  the  blood,  rather  than  its  percentage,  that  is  the  factor 
which  determines  the  escape  of  sugar  by  the  urine.  To  determine  the 
total  sugar  accurately  it  would  be  necessary  to  measure  the  blood 
volume  at  the  same  time  that  the  sugar,  percentage  is  determined. 
This  was  not  practicable  when  Epstein's  work  was  done,  but  an  attempt 
was  made  to  arrive  at  it  approximately  by  determining  the  relative 
blood  volume  (by  the  hematocrit)  and  then  correcting  the  percentile 
values  for  blood  sugar  by  the  degree  of  change  in  blood  volume.  This 
corrected  percentage  will  allow  for  changes  in  water  content  of  the 
blood.  In  considering  the  quantitative  relations  between  the  sugar 
of  the  blood  and  urine  in  diabetes,  Epstein  regards  the  hj^jerglycemia 
as  the  sum  of  the  greatest  amount  of  sugar  that  can  be  present  in  the 
blood  without  giving  rise  to  glycosuria  (namely  0.1  per  cent)  plus  an 
excess;  and  he  says  that  a  definite  mathematical  relation  exists  between 
the  percentage  of  sugar  in  the  urine  and  the  (corrected)  excess  per- 
centage in  the  blood. 

Apart  from  the  fact  that  these  views  do  not  adequately  take  cog- 
nizance of  the  presence  of  sugar  in  normal  urinp,  as  well  as  that  the 
renal  threshold  of  0.1  per  cent  blood  sugar  chosen  by  Epstein  is  arbi- 
trary, it  is  at  present  very  difficult  to  see  how  variations  in  the  total 
amount  of  sugar  in  the  blood  could  influence  either  the  rate  of  excretion 
or  of  utilization  of  the  circulating  sugar.  Unless  the  percentage  should 
change,  how  is  the  kidney  to  be  stimulated  or  depressed  in  its  sugar- 
excreting  function?  Epstein's  observations  cannot  however  be  lightly 
dismissed,  especially  in  light  of  the  work  of  Woodyatt  and  his  pupils. 
These  workers  found  both  in  laboratory  animals  and  in  man  that  glu- 
cose could  be  injected  continuously  into  the  venous  blood  by  means  of 
a  special  injection  apparatus  at  the  rate  of  about  0.85  gram  per  kilo 
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per  hour  without  causing  glycosuria,  and  that  beyond  this  tolerance 
limit  and  up  to  2.0  grams  per  kilo  an  hoiu*,  a  certain  fraction  of  the 
injected  sugar  appeared  in  the  \irine  varjdng  with  different  individuals 
and,  in  the  same  individual,  with  different  rates  of  injection.  In  the 
present  connection  the  most  significant  point  is,  that  variations  in  the 
quantity  of  water  injected,  while  the  injection  of  glucose  in  a  imit  of 
time'  was  maintained  constant,  did  not  affect  the  rate  of  utilization  or 
excretion  of  glucose.  The  administration  of  water  was  varied  either 
by  using  a  second  injection  apparatus  or  by  injecting  glucose  solutions 
which  differed  in  concentration  between  10  and  40  per  cent.  As  to 
how  the  tissues  and  kidneys  are  enabled  to  respond  to  changes  in  rate 
of  supply  of  glucose  rather  than  to  change  in  concentration,  it  is  diffi- 
cult to  say.  As  Woodyatt  points  out  "Variations  of  the  total  quantity 
of  a  glucose  solution  of  fixed  concentration  on  one  side  of  an  ordinary 
dialyzer  would  not  vary  the  rate  at  which  glucose  molecules  diffused 
through  it  nor  could  the  concentration  be  changed  without  affecting 
the  rate  of  diffusion."  It  is  suggested  that  the  surfaces  of  contact 
between  plasma  and  cells  may  increase  or  diminish  in  proportion  as 
the  plasma  volume  increases  or  diminishes,  in  which  case  the  total 
number  of  glucose  molecules  impinging  on  the  total  cell  surface  will 
remain  the  same.  Such  considerations  open  up  a  new  field  of  thought 
in  connection  with  the  whole  question  of  exchange  between  cells  and 
blood  plasma,  but  it  would  be  out  of  place  here  to  speculate  as  to  the 
possible  mechanisms  that  may  be  involved.  The  marked  changes  in 
the  lumen  of  the  capiUaries  that  Krogh  has  shown  to  occur,  changes  in 
the  volume  of  the  glomerular  tuft  and  changes  in  volume  and  in  the 
distribution  of  leucocytes  are  all  to  be  considered  in  this  connection. 

The  hlood'Sugar  curve  and  the  renal  threshold  in  disease.  In  conclud- 
ing the  review  it  may  prove  of  value  to  clinical  workers  if  we  briefly 
recapitulate  some  of  the  alterations  which  the  post-prandial  blood- 
sugar  curve  and  the  renal  threshold  for  sugar  have  been  foimd  to 
undergo  in  diabetes  and  other  diseases.  In  order  that  moderate  devia- 
tions from  the  normal  may  be  detected  it  is  important  that  the  speci- 
mens of  blood  for  analysis  be  removed  at  least  every  half-hoiu*  imtil 
three  have  been  taken  and  thereafter  at  hoiu-ly  intervals.  If  collected 
only  at  hourly  intervals  from  the  start,  as  pointed  out  by  Bailey, 
results  that  are  normal  may  be  obtained  both  in  cases  of  renal  diabetes 
and  of  early  diabetes. 
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Diabetes  meUitiis,  In  three  patients  with  mild  diabetes  after  100 
grams  glucose,  Hamman  and  Hirschman  (20)  found  that  the  curve 
rose  more  slowly  than  normal  (J  hour  to  If  hours)  reached  a  decidedly 
higher  level  (over  0.2  per  cent)  at  which  it  was  apt  to  be  maintained 
(forming  a  plateau)  and  then  only  slowly  declined,  the  total  curve 
occupying  from  3  to  4  hours.  In  severe  cases  (receiving  much  less 
dextrose)  the  curve  was  of  similar  type  the  characteristic  feature  being 
its  diu-ation  rather  than  its  actual  height.  Glycosuria  was  an  invari- 
able accompaniment  of  the  hyperglycemia.  The  renal  threshold  was 
usually  normal  in  mild  cases  but  once  excessive  glyciu^sis  became 
established,  as  by  ingestion  of  sugar,  the  kidneys  continued  to  excrete 
excess  of  sugar  after  the  blood  sugar  had  fallen  to  considerably  below  the 
threshold  (shown  in  Fig.  2,  p.  230).  These  authors  also  point  out  that 
many  severe  cases  of  diabetes  have  a  lowered  threshold  unless  nephritis 
is  also  present,  when  it  may  be  greatly  raised  and  that  superimposed 
doses  of  glucose  are  not  necessarily  foDowed  by  a  steplike  rise  in  blood 
sugar.  This  indicates  that  the  first  absorbed  sugar  stimulates  the 
sugar  destroying  powers  of  the  diabetic  just  as  we  have  seen  it  to  do  in 
the  cases  of  the  normal  person.  This  effect  is  however  not  so  marked 
as  in  normal  persons  and  it  may  be  absent  in  severe  cases  of  the  disease. 

Bailey  (4)  states  that  alimentary  hyperglycemia  is  characterized  by 
a  rapid  rise  and  faU  in  uncomplicated  diabetes  but  that  it  becomes  pro- 
longed when  there  is  renal  involvement.  At  the  same  time  the  thresh- 
old for  sugar  is  abnormaUy  low  in  early  diabetes  so  that  glycuresis  is 
excessive.  This  author  concludes  that  tests  of  post-prandial  hyper- 
glycemia are  of  little  clinical  value  in  comparison  with  tests  for  gly- 
curesis. In  order  to  make  these  tests  the  sugar  present  in  the  urine 
should  be  determined  by  one  of  the  methods  described  on  page  226 
at  frequent  intervals  during  6  hours  following  the  administration  of 
100  grams  glucose.  If  this  is  coupled  with  a  determination  of  the  per- 
centage of  sugar  in  a  specimen  of  blood  removed  the  first  thing  in  the 
morning  (starvation  level)  after  several  days  on  a  steady  mixed  diet, 
it  is  unnecessary  to  carry  out  the  series  of  blood  examinations.  Cum- 
mings  and  Kness  (10),  using  0.2  cc.  of  blood  for  analysis  by  the  Lewis 
Benedict  method,  place  more  emphasis  on  the  duration  of  the  curve 
than  its  maximum  height.  In  diabetes  the  curve  is  higher  during  the 
second  than  during  the  first  hoiu*,  whereas  as  we  have  seen  it  is  the 
other  way  in  normal  subjects.  The  results  of  the  findings  of  Hum- 
phreys and  Williams  (63)  are  plotted  in  the  curves  shown  in  figures 
3  and  4.    Those  in  figure  3  are  for  normal  individuals  and  for  a  group 
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that  was  considered  to  include  very  mild  cases  of  diabetes.  By  com- 
parison of  these  two  sets  of  curves  and  considering  those  given  in 
figure  1  (p.  224),  it  can  scarcely  be  said  that  determination  of  the 
extent  and  duration  of  post-prandial  hyperglycemia  is  a  delicate  test 
for  incipient  diabetes.    The  curves  in  figure  4  are  from  patients  with 


Fig.  3  Fig.  4 

Fig.  3.  Curves  of  blood  sugar  following  ingestion  of  100  grams  of  glucose  in 
normal  individuals,  chart  3;  and  in  individuals  considered  to  be  suffering  from 
very  mild  diabetes,  chart  4.  These  curves  were  compiled  from  the  paper  of  Wil- 
liams and  Humphreys. 

Fig.  4.  Blood-sugar  curves  from  decided  but  mild  cases  of  diabetes;  these 
are  on  the  same  scale  as  the  curves  in  figure  3;  compiled  from  data  published 
by  Williams  and  Humphreys. 

decided  diabetes  and  of  course  the  picture  is  very  different  although 
it  will  be  noted  that  the  hyperglycemia  is  not  so  markedly  prolonged 
as  some  have  stated  it  to  be  in  such  cases. 

It  will  be  remembered  that  the  blood  sugar  does  not  rise  in  a  normal 
person  after  a  carbohydrate-free  meal.  In  diabetics  in  whom  the  early 
morning  blood  sugar  level  is  not  decidedly  above  0.17  per  cent  there 
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may  be  a  distinct  rise  after  such  a  diet  and  the  rise  is  likely  to  be  pro- 
longed. It  is  evident  in  about  one  hour  after  breakfast  but  is  very 
slight,  if  not  entirely  absent,  foDowing  the  subsequent  meals  of  the  day. 
Indeed  the  curve  may  drop  in  the  afternoon  and  evening  even  although 
(carbohydrate-free)  food  is  taken  as  usual.  Very  severe  cases  (initial 
sugar  above  0.17  per  cent)  yield  somewhat  different  results,  for  in  them 
non-carbohydrate  food  does  not  usually  aflfect  the  blood  sugar;  on  the 
contrary,  this  tends  to  maintain  a  (high)  constant  level  throughout  the 
day  (44). 

Every  case  showing  an  abnormally  high  or  prolonged  blood-sugar 
curve  or  a  high  starvation  level  is  not  necessarily  one  of  diabetes. 
Similar  curves  are  observed  in  certain  cases  of  nephritis  and  in  certain 
diseases  of  the  thyroid  and  pituitary  glands.  It  is  apparently  not 
possible  at  present  to  state  precisely  just  what  particular  type  of 
nephritis  is  associated  with  the  diabetic  type  of  blood-sugar  curve  and 
the  relationship  is  still  less  evident  if  the  sugar  content  of  the  urine 
be  alone  considered.  This  is  because  the  renal  threshold  for  sugar 
often  becomes  greatly  raised  in  this  disease  so  that  no  glycosuria  may 
be  present  as  judged  by  clinical  tests,  when  the  blood  sugar  is  far 
above  the  normal  threshold  value.  As  a  general  nile,  according  to 
Williams  and  Humphreys  (63b),  when  the  nephritis  is  so  far  advanced 
that  the  nitrogenous  metabolites  are  abnormally  high,  and  m^mia  is 
imminent,  the  blood  sugar  is  also  high  (but  errors  in  estimation  due  to 
excess  of  creatinine  must  be  avoided).  In  early  stages  of  the  disease 
when  the  general  metabolism  is  but  little  disturbed  the  blood  sugar  is 
usually  normal  and  in  cases  in  which  high  blood  pressure  exists  without 
detectable  renal  involvement  the  blood  sugar  levels  are  slightly  higher 
than  normal. 

In  disease  of  the  thyroid  gland  the  blood  sugar  may  or  may  not  undergo 
decided  variations  from  the  normal.  In  exophthalmic  goiter  the  post- 
prandial curve  is  of  the  diabetic  type  although  the  morning  blood  con- 
tains the  normal  percentage  of  sugar,  the  renal  threshold  being  usuaDy 
little  if  at  all  above  the  normal  level,  provided  there  be  no  kidney 
involvement  (20).  Tested  by  Woodyatt's  method,  the  glucose  toler- 
ance was  found  depressed  more  or  less  in  proportion  to  the  severity 
of  the  symptoms  (62a).  In  depressed  functioning  of  the  gland  it  is 
commonly  stated  that  sugar  metabolism  is  depressed  but  this  is  not 
invariable  (62a).  In  cases  diagnosed  as  overf unction  of  the  hjT^o- 
physis,  normal  types  of  blood-sugar  curve  have  been  found  to  occur. 
Mild  acromegalia  cases,  on  the  other  hand,  are  said  sometimes  to  show 
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depressed  curves  (Hamman  and  Hirschman)  but  as  often  they  are 
apparently  normal  in  this  regard  (Wilder  and  Sansum). 

Further  details  of  the  behavior  of  blood  sugar  in  diseases  of  the  endo- 
crine organs  will  be  found  in  a  paper  by  Janney  and  Isaacson  (26). 
We  have  obviously  not  attempted  to  review  all  of  the  numerous  obser- 
vations which  have  been  made  on  the  behavior  of  the  blood  sugar  in 
disease  but  only  to  cite  a  few  typical  cases  from  the  more  recent  litera- 
ture. This  has  been  done  mainly  with  the  object  of  showing  that 
determinations  of  the  blood-sugar  curve  cannot  be  of  very  great  diag- 
nostic value  except  perhaps  in  forming  an  opinion  of  the  severity  of  the 
disease  in  cases  of  diabetes,  or  in  following  the  results  of  treatment, 
but  even  in  these  cases  it  is  probable  that  careful  examination  of  the 
urine  in  relation  to  food  ingestion,  as  directed  by  Bailey,  is  equaUy 
valuable.  Quantitative  determinations  of  the  reducing  power  of  urine 
from  which  the  disturbing  substances  have  been  removed  (as  by  the 
mercuric  nitrate  method  of  Benedict,  or  by  charcoal),  appear  to  oflfer 
as  useful  and  as  practical  a  method  for  the  diagnosis  of  disturbed  car- 
bohydrate metabolism  as  determination  of  the  blood-sugar  curve. 
When  abnormaUy  high  urinary  sugar  is  found  imaccompanied  by  a 
fasting  hyperglycemia,  or  other  symptoms  of  diabetes,  determination 
of  the  blood-sugar  curve  is  however  essential  in  order  to  determine  the 
renal  threshold,  for  only  in  this  way  can  it  be  determined  whether  the 
glycuresis  is  due  primarily  to  a  lowering  of  the  renal  threshold  or  to  a 
disturbance  in  carbohydrate  metabolism. 
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THE  REGULATION  OF  THE  PULMONARY  CIRCULATION 

CARL  J.  WIGGERS 

Department  of  Physiology^  Western  Reserve  University,  School  of  Medicine, 

Cleveland,  Ohio 

In  1903,  Tigerstedt  (57)  reviewed  the  then  existmg  literature  on  the 
pulmonary  circulation  and,  after  a  careful  evaluation  of  the  separate 
researches,  formulated  his  conceptions  as  to  its  regulation  in  such  a 
masterful  way  that  his  monograph  has  continued  to  be  the  standard 
reference  on  the  subject.  Diuing  the  eighteen  years  that  have  elapsed, 
however,  the  study  of  the  pulmonary  circulation  has  been  continued. 
Questions  that  remained  in  doubt  as  well  as  problems  which  were 
apparently  solved  have  been  reinvestigated  by  methods  that  were  well 
established  and  by  apparatus  and  technic  that  is  new. 

The  marvelous  development  of  surgical  procedures  instituted  for  the 
treatment  of  pulmonary  affections  and  the  continued  efforts  of  inter- 
nists to  place  the  treatment  of  pulmonary  diseases  on  a  rational  basis 
make  a  survey  of  the  more  recent  investigations  of  the  fundamental 
regulatory  mechanisms  of  no  less  interest  to  the  physician  or  surgeon 
than  to  the  physiologist.  It  shall  therefore  be  our  purpose  to  examine 
the  net  results  of  these  recent  investigations  and  decide,  if  possible,  to 
what  extent  it  is  necessary  to  modify  or  recast  our  conceptions  as  to 
the  control  of  the  pulmonary  circulation. 

EXPERIMENTAL  METHODS  EMPLOYED  TO   STUDY  THE  PULMONARY 

CIRCULATION 

It  is  quite  obvious  that  such  an  end  cannot  be  attained  by  a  mere 
categorical  summary  of  the  often  contradictory  conclusions  reached 
by  different  investigators.  On  the  contrary,  the  results  of  one  set  of 
experiments  must  be  squared  with  those  obtained  by  other  methods, 
the  reason  for  discrepancies  sought  and,  above  all,  the  worth  of  the 
experimental  method  appraised. 

The  methods  employed  to  investigate  the  mechanisms  involved  in 
the  control  of  the  pulmonary  circulation  must  therefore  be  briefly 
considered. 
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1.  Methods  involving  measurement  of  pressure  changes  in  the  pulmoruiry 
vessels  or  right  heart.  The  mercury  manometer  has  been  used  to  record 
the  mean  puhnonary  arterial  pressure  by  Airila  (1),  Dixon  and  Ransom 
(16),  Erikson  (20),  Hallion  and  Nepper  (23),  Jackson  (28),  Nolf  and 
Plumier  (43),  Plumier  (45),  (46),  Petitjean  (44),  Weber  (64)  and  Wig- 
gers  (71).  Since  slight  variations  may  easily  be  missed  when  this 
instrument  is  used  Cloetta  and  Anderes  (12),  Fuhner  and  Starling 
(21),  Kuno  (33),  Schafer  (49)  and  others  have  therefore  substituted 
saline  manometers  equipped  with  special  recording  systems.  Simul- 
taneous records  of  mean  pulmonary  and  systemic  pressures  are  not  in 
themselves  sufficient  to  interpret  the  cause  of  any  pressure  change. 
In  order  to  differentiate  between  "back  pressure"  effects  and  active 
changes  in  the  pulmonary  vessels,  various  investigators  have,  therefore, 
recorded  the  pulmonary  venous  or  left  auricular  pressures,  in  addition. 
The  pressures  within  the  left  auricle  and  the  pulmonary  veins  are  not 
necessarily  altered  in  the  same  direction,  however,  for,  as  Wiggers  has 
shown,  it  is  quite  possible  for  the  pulmonary  venous  pressure  to  fall 
and  the  left  auricular  pressure  to  rise.  Frequently  it  is  also  important 
to  determine  whether  the  systolic  discharge  of  the  right  ventricle  has 
changed.  Since  this  is  in  part  determined  by  the  volume  of  venous 
return,  mean  right  auricular  pressures  have  been  simultaneously 
recorded,  among  others,  by  Fuhner  and  Starling  (21),  Hallion  and 
Nepper  (23),  Kuno  (33),  Langlois  and  Desbouis  (36),  Plmnier  (45), 
(46).  There  are  conditions,  however,  when  mean  pressure  observations 
of  auricular  and  venous  pressure  are  not  indicative  of  changing  venous 
return  and  consequently  cannot  be  used  to  gauge  variations  in  the 
systolic  discharge  of  the  right  ventricle.  Thus  it  has  been  found  by 
Wiggers  (75)  that  as  long  as  the  return  flow  is  not  reduced  too  greatly, 
the  mean  auricular  pressure  may  be  maintained  by  compensatory, 
mechanisms.  Wiggers  has  made  use  of  volume  curves  taken  from  the 
ventricle  to  study  the  variations  of  systolic  discharge.  This  proced- 
ure, however,  risks  the  assumption  that  the  output  of  the  two  ven- 
tricles is  always  equal;  and  the  method  is  of  course  limited  to  op^n 
chest  experiments. 

Records  of  mean  pulmonary  arterial  pressures  are  most  conveniently 
obtained  when  the  chest  is  opened  and  the  lungs  are  rhythmically 
inflated  by  mild  artificial  respiration.  When  it  is  desirable  to  deter- 
mine in  what  manner  the  pulmonary  circulation  is  altered  in  eon- 
sequence  of  nerve  stimulation  or  drug  administration,  or  when  it  is 
desired  to  establish  the  locus  operandi,  this  procedure  is  not  objection- 
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able.  The  mistake  must  not  be  made,  however,  of  assuming  that 
the  same  pressures  necessarily  exist  within  the  intact  thorax.  Open- 
ing of  the  thorax  and  institution  of  artificial  respiration  involve  not 
only  changes  in  the  effective  venous  filling  pressure  and  possibly  also 
changes  in  the  capacity  and  resistance  of  the  smaller  pulmonary  vessels 
which  may  modify  the  reactions  of  pulmonary  circulation,  but,  in 
addition,  the  synchronous  influences  of  the  rate  and  depth  of  natural 
respiration  cannot  be  taken  into  account.  In  order  to  derive  values 
representing  normal  pressure  relations  within  the  pulmonary  circuit, 
it  is  necessary  to  carry  out  experiments  with  the  chest  closed.  Such 
experiments  have  been  performed  by  Plumier  (45),  (46),  Schafer  and 
Lim  (49),  Wiggers,  etc.  To  accomplish  this,  the  technic  first  suggested 
by  Fredericq  is  followed  with  some  modifications.  (For  details  and 
references  cf.  Wiggers  (72).) 

A  study  of  the  pulmonary  pressures  by  such  methods  involves  cer- 
tain annoying  features  and  invites  certain  criticisms.  A  larger  or 
smaller  lobe  of  the  lungs  is  necessarily  eliminated  from  the  circulation 
and  Kuno's  results  (33)  suggest  that,  under  certain  conditions,  this 
may  aflfect  the  normality  of  the  pressure  readings.  A  serious  annoy- 
ance exists  also  in  the  great  tendency  of  pulmonary  blood  to  coagulate. 
In  order  to  overcome  these  objections,  Schafer  (49)  has  recently  devised 
an  essentially  different  method,  which  is  novel  in  that  a  specially  con- 
structed cannula  is  inserted  through  the  right  ventricular  musculature 
and  past  the  semilunar  valves  into  the  mouth  of  the  pulmonary  artery; 
the  semilunar  valves  being  allowed  to  close  aroimd  the  cannula. 

Mean  pressure  measurements,  no  matter  how  recorded,  are  not 
capable  of  supplying  us  with  a  correct  idea  as  to  the  pressure  fluctua- 
tions; practically,  it  is  the  pressure  recorded  by  a  very  inefficient  ma- 
nometer which  rarely  agrees  with  the  theoretical  figure.  To  record  the 
extremes  of  pulmonary  pressures,  maximum  and  minimum  valved 
manometers  have  been  used  (69).  Since  considerable  variation  of  pres- 
sure occurs  during  the  phases  of  respiration,  however,  such  readings 
are  not  equivalent  to  systolic  and  diastolic  pressures  occiuring  during 
any  cardiac  cycle.  Furthermore,  the  mechanisms  of  valved  manom- 
eters preclude  their  use  in  studying  the  pulse-pressure  variations  from 
beat  to  beat  (78).  To  obtain  such  variations  of  pressures  from  beat  to 
beat  in  the  intact  chest,  a  special  form  of  pulse-pressure  recorder  was 
devised  and  employed  by  the  writer  (69). 

On  occasion  it  is  desirable  to  study  also  the  changes  taking  place  in 
the  contour  of  the  pulmonary  pressure  curves,  not  only  because  it  is 

PHT8IOLO0FTCAL  RKTXCWS,  TOL.  1,  NO.  2 


Digitized  by 


Google 


242  CARL  J.   WIGGERS 

thereby  possible  to  relate  the  details  of  the  pulmonary  circulation  to 
those  of  the  systemic  circuit;  but  also  because,  from  such  records,  it  is 
often  possible  to  determine  the  cause  of  minor  changes  in  pressures. 
As  in  the  systemic  circuit,  this  requires  optically  recording  manometers 
of  high  vibration  frequency  (55),  (69). 

a.  The  significance  of  right  ventricular  pressure.  In  order  to  obviate 
opening  of  the  thorax  and  the  deleterious  effects  of  extensive  operative 
procedures,  it  has  been  sought  to  estimate  the  pulmonary  arterial  pres- 
sures by  introducing  a  soimd  through  the  jugular  vein  into  the  right 
ventricle  and  connecting  it  to  a  recording  manometer.  The  early 
investigators  measured  mean  pressures  only,  or  determined  the  max- 
imal and  minimal  pressures  by  valved  manometers.  In  the  latter  way, 
an  estimate  of  the  maximal  pressure  in  the  pulmonary  artery  may  be 
obtained.  Ebert  (17),  Gerhardt  (22),  Hallion  and  Nepper  (23)  and 
others  have  recorded  right  ventricular  pressures  with  the  Hiirthle 
membrane  or  torsion  manometer  in  order  to  follow  variations  of  pul- 
monary systoUc  pressures  from  beat  to  beat.  Wiggers  (74)  has 
pointed  out  that  by  recording  right  intraventricular  pressure  by  optical 
manometers  of  high  vibration  frequency,  it  is  not  only  possible  to 
follow  the  pressure  changes  in  the  pulmonary  artery  throughout  each 
systole  and  to  establish  the  pressures  at  the  beginning  of  each  diastole; 
but  that  it  is  further  possible  to  discern  changes  in  systohc  discharge 
and  pulmonary  resistance  in  their  contour  changes. 

6.  Pressure  studies  in  the  heart-lung  preparation.  Since  the  inter- 
pretation of  pressure  curves  obtained  from  the  pulmonary  system  is 
often  rendered  difficult  by  the  fact  that  primary  and  secondary  factors 
operate  at  the  same  time,  it  has  been  sought  to  investigate  the  pul- 
monary circuit  imder  conditions  in  which  certain  factors  can  be  defi- 
nitely eliminated  or  at  least  controlled.  The  idea  of  utiUzing  a  heart- 
limg  preparation  for  this  purpose  apparently  first  suggested  itself  to 
Nolf  and  Plumier  (43).  Fiihner  and  Starling  (21),  Kuno  (33)  and, 
later,  Straub  (55)  adapted  the  "heart-limg  preparation"  first  described 
by  Patterson  and  Starling  to  a  study  of  the  pulmonary  circulation.  In 
such  a  system  all  the  mechanical  factors  capable  of  affecting  the  pul- 
monary circulation  (especially  venous  inflow  and  systemic  resistance) 
can  be  controlled  or  varied  while  the  output  of  the  left  ventricle  and 
the  pressures  in  the  pulmonary  artery,  left  auricle  and  systemic  arteries 
can  be  measured,  in  selected  combinations.  While  such  experiments 
have  been  very  useful  in  defining  how  the  circulation  can  be  modified 
under  different  conditions,  it  is  necessary  to  emphasize  that  reactions 
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80  obtained  should  be  transferred  to  the  intact  circulation  with  reserve 
and  caution  (cf.  Wiggers  (73)). 

2,  Plethysmographic  methods.  When  the  internal  cavity  of  a  hollow 
organ  (e.g.,  lung  or  intestine)  enclosed  within  a  plethysmograph  com- 
municates with  the  exterior,  a  change  in  the  vascular  volume  may  not 
express  itself  by  a  similar  change  in  the  plethysmographic  volume  of 
the  whole  organ.  A  certain  amount  of  expansion  may  take  place 
inwardly  and  be  lost  through  the  external  communications  of  these 
cavities.  In  order  to  be  quite  certain  that  volume  changes  of  the 
lungs  enclosed  within  a  plethysmograph  are  not  dissipated  through  the 
bronchi,  rather  than  expressed  in  plethysmographic  records,  special 
technical  precautions  must  be  taken. 

Two  technical  procedures  have  been  used :  In  the  method  devised  by 
Weber  (62)  in  1910  and  subsequently  used  by  himself  and  others,  the 
bronchus  communicating  with  the  enclosed  lobe  is  Ugated  while  the 
lung  Ls  inflated.  In  the  method  devised  by  Cloetta  (9)  in  1910,  and 
modified  somewhat  in  work  carried  out  subsequently  with  his  collab- 
orators, the  bronchi  of  enclosed  lobes  are  not  ligated;  but  it  is  sought 
either  to  prevent  a  volume  change  through  the  bronchi  by  maintaining 
an  equal  pressure  within  the  trachea  or  to  evaluate  this  factor  by  ana- 
lyzing the  intra-bronchial  pressure  changes  that  take  place. 

The  use  of  these  two  methods  has  given  results  which  in  many 
instances  are  diametrically  opposed  (13),  and  hence  have  led  to  polem- 
ical discussions  as  to  the  merits  and  faults  of  the  two  respective  meth- 
ods. Against  the  use  of  a  Ugated  lobe  to  study  physiological  reactions 
Anderes  and  Cloetta  (2)  have  urged  the  following: 

1.  A  lung  lobe  placed  in  a  plethysmograph  is  unavoidably  crushed 
during  handUng  with  the  consequent  collapse  of  many  lung  alveoli. 
With  the  bronchus  ligated  no  opportunity  for  re-inflation  exists. 

2.  The  enclosed  lobe  is  deprived  of  its  oxygen;  and  the  alveolar 
CO2  tension  increases.  This  acts  to  alter  the  excitability  of  its  struc- 
tures and  to  modify  the  lung  volume  and  alveolar  pressure. 

3.  The  changes  in  a  single  ligated  lobe  may  not  be  typical  of  reac- 
tions in  other  lobes  but  may  even  be  passively  influenced  by  them. 
These  investigators  are  therefore  firmly  convinced  that  the  method  is 
entirely  unsuited  for  investigating  the  pulmonary  circulation. 

Weber  (64),  in  subsequent  communications,  quite  naturally,  defends 
his  method  against  such  objections  and  condemns  the  method  of  Cloetta. 
Categorically  stated,  he  maintains  a,  that  CO2  intoxication  and  O2 
deprivation  are  avoided  in  his  method  by  careful  retention  of  the  bron- 
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chial  circulation;  and  b,  that  alveolar  pressure  variations  do  not  occur 
as  a  result  of  the  gaseous  diffusion.  He  reafltons  his  previous  position, 
that  volumetric  measurements  made  by  Anderes  and  Cloetta  are  a 
mixture  of  voliune  effects  induced  by  circulatory  changes  and  those 
due  to  broncho-motor  action.  Weber  dissents  from  the  view  that 
changes  in  limg  volumes  due  to  broncho-motor  effects  can  be  ruled 
out  even  if  tracheal  pressure  does  not  change.  According  to  him,  this 
merely  indicates  that  the  mechanical  mechanism  keeping  the  pressure 
constant  functionates  properly. 

It  is  apparent  that  the  question  as  to  the  correct  technical  procediu-e 
for  studying  vascular  volumes  of  the  lung  is  still  open  to  fiuiiher  experi- 
mentation. At  present  the  relative  merits  of  conflicting  results  must 
therefore  be  based  on  the  character  of  the  accompanying  controls  rather 
than  on  the  volume  changes  themselves.  Weber  recorded  pulmonary 
volumes  and  carotid  pressure  exclusively  in  his  earUer  work,  believing 
that  by  these  methods  active  and  passive  volume  changes  could  be 
quite  satisfactorily  distinguished.  Thus,  if  pulmonary  congestion  is 
due  to  a  damming  back  of  blood,  he  would  expect  a  sjoichronous 
increase  in  lung  volimae  and  arterial  pressure.  If,  on  the  other  hand, 
the  congestion  results  from  increased  venous  return  and  consequent 
increase  in  systohc  discharge  he  would  anticipate  a  delay  of  20  seconds 
or  more  in  the  elevation  of  systemic  pressure.  Active  changes  he  would 
distinguish  from  these  passive  effects  by  an  entire  lack  of  correspond- 
ence between  changes  of  arterial  pressure  and  lung  volume.  We  may 
conclude  with  Krogh  (32),  Cloetta  and  Anderes  (12),  and  others  that 
experiments  of  this  nature  are  not  sufficiently  controlled  to  distin- 
guish between  passive  and  active  congestion.  It  is  true  that  in  a  later 
investigation  Weber  (64)  recorded  pulmonary  arterial  pressures  also 
and  thus  attempted  to  refute  these  contentions  but,  in  most  instances, 
tracings  of  limg  volume  and  pulmonary  pressures  were  not  recorded 
in  the  same  experiment. 

The  plethysmographic  investigations  of  Cloetta  and  his  co-workers 
seem  to  have  been  better  controlled  by  simultaneous  registratibri  of 
variations  in  pulmonary  arterial  and  intratracheal  pressure  and,  when 
occasion  required,  by  records  from  other  portions  of  the  cardio-vas- 
cular  system  as  well.  In  the  last  series  of  experiments,  the  additional 
check  offered  by  the  var3dng  rate  of  oxygen  absorption  was  also  used. 
This  will  be  referred  to  later. 

3.  Pulmonary  blood  flow  measurements.  Methods  for  determining 
the  volume  flow  and  velocity  of  blood  flxm  in  the  pulmonary  circuit  are 
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not  only  useful  in  establishing  the  values  for  these  quantities  but  are 
important,  also,  in  interpreting  the  changes  which  are  produced  in  the 
pulmonary  circulation  by  many  physiological  and  pharmacological 
influences. 

a.  Pulmonary  volume  flow  and  its  significance.  Variations  in  the 
volume  flow  of  pulmonary  blood  in  the  intact  circulation  have  been 
studied  by  two  methods: 

Wiggers  (67),  (71)  devised  and  used  an  apparatus  by  which  the 
flow  of  blood  from  a  peripheral  end  of  a  pulmonary  vein  or  the  flow 
from  a  cut  in  the  lung  itself  can  be  continuously  recorded.  The  chief 
objection  to  the  method  is,  of  course,  the  progressive  loss  of  blood — ^but, 
if  tests  are  made  with  expedition,  many  valuable  data  may  be  obtained 
before  the  circulation  is  seriously  affected. 

A  second  method  is  based  on  the  following  premises:  Since  arterial 
blood  is  practically  saturated  with  oxygen  at  all  times,  the  alveolar 
oxygen  absorption  rate  can  vary  only  with  the  volume  of  blood  passing 
through  the  pulmonary  vessels,  as  long  as  general  metabolism  is 
unaffected.  Consequently,  if  the  lung  volume  remains  undUeredy  any 
change  in  the  recorded  rate  of  oxygen  absorption  during  short  intervals 
of  time  is  an  index  of  pulmonary  blood  flow.  In  applying  this  prin- 
ciple to  the  study  of  the  pulmonary  circulation,  Anderes  and  Cloetta 
(2)  devised  an  apparatus  and  so  arranged  their  experiments  that  the 
recorded  intratracheal  pressures  varied  inversely  with  the  absorption 
rate  of  oxygen.  As  the  limg  volumes  changed  during  the  course  of 
these  experiments,  Anderes  and  Cloetta  attempted  to  differentiate 
possible  changes  in  intratracheal  pressure,  due  to  passive  congestion  or 
broncho-constriction,  by  simultaneously  recording  pulmonary  arterial 
pressure  and  lung  volumes.  Both  the  principle  of  the  method  and  its 
application  by  Anderes  and  Cloetta  have  been  criticised  (64),  (56). 
Straub  points  out,  for  instance,  that  the  fundamental  assumptions 
upon  which  the  method  rests  are  not  valid:  neither  the  general  cell 
metabolism  nor  the  oxygen  capacity  of  the  venous  blood  being  constant 
under  the  conditions  of  the  experiments. 

Pulmonary  drcvlaUon-iirne:  An  estimate  of  the  velocity  with  which 
blood  passes  through  the  pulmonary  vessels  may  be  gained  from  a 
study  of  the  pulmonary  circulation-time.  Plumier  (45)  determined 
this  interval  by  estimating  the  time  required  between  decompression 
of  a  previously  compressed  vena  cava  and  the  consequent  maximal 
rise  of  arterial  pressure.  The  method  of  Stewart  (53)  was  employed 
by  Edmimds  (18)  and  with  slight  modifications  by  Langlois  and  Des- 
bonis  (36). 
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Stewart  (53)  has  clearly  analyzed  the  deductions  that  may  reason- 
ably be  drawn  from  experiments  in  which  the  pulmonary  circulation- 
time  changes.  As  stated  by  him,  the  circulation-time  varies  directly 
as  the  capacity  of  the  pulmonary  blood  stream  at  the  beginning  of 
the  observation  and  inversely  as  the  minute  volume  discharged  by  the 
right  ventricle.  Since  the  former  factor  may  be  altered  by  variations 
in  the  pulmonary  resistance  and  the  latter  by  changes  in  heart  rate  or 
systohc  discharge,  it  follows  that  an  increased  circulation-time,  for 
instance,  merely  means  that,  in  proportion  to  the  minute  volume  dis- 
charged by  the  right  ventricle,  the  pulmonary  resistance  is  relatively 
high.  A  change  in  either  or  both  factors  may  be  the  cause  of  the  altered 
circulation-time.  It  is  conceivable,  also,  that  when  one  factor  operates 
intensely,  the  other  factor  may  work  in  an  opposite  direction  and  yet 
the  predominant  and  overpowering  influence  of  the  first  lead  to  an 
increased  circulation-time.  The  measurement  of  the  pulmonary  circu- 
lation-time and  of  its  variations  is,  therefore,  an  excellent  criterion  as 
to  how  the  factors  balance  one  another  under  different  conditions.  If, 
however,  it  is  desired  to  use  the  method  as  an  index  of  vascular  con- 
traction in  the  pulmonary  system,  it  is  necessary  to  be  quite  certain  that 
the  minute  output  of  the  right  heart  has  not  altered  at  all  or  that  it  has 
changed  in  the  reverse  direction. 

After  demonstrating  that  a  condition  of  augmented  pulmonary 
resistance  exists,  we  are  still  not  in  a  position  to  state  that  this  indicates  - 
increased  constriction.  The  total  resistance  in  an  organ  or  circuit  is 
not  entirely  controlled  a,  by  the  degree  of  arteriole  constriction  but  is 
also  modified  by  6,  the  cahber  of  the  capillaries;  c,  the  "head  on"  pres- 
sure in  the  veins  draining  the  capillaries;  d,  variations  in  extra  vascular 
support;  and  e,  the  viscosity  of  blood.  Of  these  factors  the  third  at 
least  must  be  carefully  controlled  in  pulmonary  circulation  experiments. 

4.  Perfusion  methods.  In  order  to  determine  whether  nerves  or 
chemical  influences  produce  active  changes  in  the  caliber  of  the  smaller 
arterioles  (and  capillaries?)  the  rhythmically  inflated  lungs  have  been 
perfused  and  the  outflow  from  the  pulmonary  veins  or  from  the  left 
auricle  estimated.  As  a  perfusion  fluid,  Baehr  and  Pick,  Campbell 
(7),  Beresin  (4)  and  Wiggers  (68)  employed  Locke's  or  Tjrode's  solu- 
tion. To  retard  the  rapid  onset  of  edema,  Brodie  and  Dixon  (6), 
Fiihner  and  StarUng  (21),  Plumier  (46)  and  Tribe  (60)  employed  defib- 
rinated  blood.  Schafer  ana  Lim  (49)  added  6  per  cent  gum  arabic  to 
the  perfusing  fluid.  Wiggers  (68),  in  special  experiments,  employed 
gelatin  for  similar  purposes. 
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In  evaluating  the  effect  of  drugs  on  the  pulmonary  vessels  by  the 
perfusion  method,  certain  technical  errors  must  be  guarded  against 
by  attention  to  the  following  details: 

1.  Owing  to  the  relatively  low  resistance  in  the  peripheral  pulmonary 
vessels,  it  is  important  that  the  injection  proceed  without  consequential 
changes  in  the  perfusion  pressure  and  that  the  drugs  be  dissolved  in  a 
menstruum  having  the  same  viscosity  as  that  of  the  perfusion  fluid 
(68),  (49). 

2.  In  order  to  detect  temporary  changes  in  outflow,  it  is  important, 
if  small  changes  are  not  to  be  obscured,  that  the  outflow  rate  be  con^ 
tinuously  recorded  (67). 

3.  In  order  to  guard  against  the  possibility  that  changes  in  venous 
outflow  may  not  accompany  vasomotor  effects,  the  rate  of  arterial  inflow 
should  be  simultaneously  gauged.  Vasomotor  reactions  occurring  in  the 
arterioles  must  always  diminish  the  volume  of  blood  passing  through  the 
capillaries  into  the  veins.  If,  however,  the  venous  channels  are  compara- 
tively capacious  they  may  accommodate  sUghtly  changing  inflow 
volumes  from  the  capillaries  without  affecting  the  venous  outflow  from 
a  cannula.  This  was  clearly  demonstrated  by  Wiggers  (67)  when 
minor  vascular  changes  took  place  in  the  renal  vessels  and  probably 
plays  a  considerable  part  in  pulmonary  perfusion  experiments — e  pe- 
cially  in  those  in  which  the  capacious  left  auricle  is  added  to  the  venous 
reservoirs.  Wiggers  (68)  has  therefore  suggested  the  use  of  the  dias- 
tolic pressure  variations  as  a  control.  This  may  be  accomplished  in 
such  a  way  that,  during  the  opening  of  a  stop  cock,  the  organ  is  sup- 
plied by  a  constant  systolic  pressure  maintained  by  a  "constant- 
pressure  device"  and,  during  subsequent  closure  of  the  stopcock,  the 
organ  is  fed  by  the  pressure  in  the  peripheral  tubes.  Under  these 
conditions,  the  rate  of  what  may  be  termed  the  diastolic  pressure- 
decline  and  the  height  of  the  diastoUc  pressure  itself  are  solely  deter- 
mined by  the  resistance  in  the  perfused  organ.  Under  certain  condi- 
tions such  a  criterion  is  far  more  sensitive  in  recording  minor  variations 
in  vascular  resistance  than  the  venous  outflow. 

S.  Methods  designed  to  test  the  reaction  of  isolated  pulmonary  rings. 
The  method  first  devised  by  Meyer  (41)  for  studying  the  contraction 
of  arterial  rings  has  been  employed  to  test  the  reaction  of  pulmonary 
vessels  to  drugs.  This  very  simple  method  consists  essentially  in 
removing,  post  mortem,  a  segment  of  artery  from  a  vessel  of  consder- 
able  size,  mounting  the  ring  in  a  receptacle  containing  Ringer's,  Locke's 
or  Tyrode's  solution  or  defibrinated  blood.    The  arterial  ring  is  con- 
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nected  to  a  delicate  lever  in  such  a  way  that  it  is  slightly  stretched. 
This  method  has  been  used  by  Barbour  (3),  Campbell  (7),  Cow  (16) 
and  Langendorflf  (36)  as  well  as  by  Meyer  in  studying  the  reaction  of 
the  puknonary  vessels.  Rings  of  pulmonary  vessels  taken  from  the 
ox,  calf,  sheep,  pig,  rabbit,  cat,  man  and  monkey  have  been  studied. 

Positive  results  thus  obtained  are  of  definite  value.  Similar  impor- 
tance cannot  always  be  attached  to  negative  results,  however.  The 
criticism  has  been  made  that  the  vessels  are  obviously  studied  under 
unnatural  conditions  and  may  conceivably  react  differently  than  the 
normal  vessels  (13);  or  the  reactions  may  be  too  feeble  to  move  a 
ponderable  lever  writing  with  friction  on  a  smoked  surface  (49). 

Even  if  the  reliability  of  the  method  remains  unquestioned  it  should 
always  be  borne  in  mind  that  large  vessels  may  not  react  in  the  same 
way  as  the  smaller  arterioles  of  the  same  syBtem.  It  is  quite  conceiv- 
able that  the  larger  vessels  supplied  with  a  relatively  smaller  bulk  of 
muscle  fibers  may  fail  to  react  visibly  when  the  arterioles,  which  are 
especially  endowed  with  contractile  elements,  show  a  definite  con- 
traction. 

THE    NORMAL    PRESSURE    VARIATIONS    AND    BLOOD    CONTENT    OP     THE 

PULMONARY  CIRCUIT 

Tigerstedt  (57)  has  summarized  the  mean  pressure  readings  obtained 
by  numerous  investigators  from  the  exposed  pulmonary  artery.  Ac- 
cording to  his  tabulations,  the  mean  pressure  varies  considerably  in 
different  animals:  averaging  20  mm.  Hg.  in  the  dog,  18  mm.  Hg.  in  the 
cat  and  12  mm.  Hg.  in  the  rabbit.  Values  more  recently  reported  by 
Erikson  (20)  and  Fiihner  and  StarUng  (21)  apparently  agree  with  these 
earlier  data.  Plunder  (45)  and  Schafer  (49)  both  direct  attention  to 
the  marked  variation  of  mean  pressure  occurring  during  each  act  of 
respiration  when  the  chest  is  intact.  Such  readings  of  mean  pressure 
give  us,  however,  a  very  imperfect  idea  both  as  to  the  extent  and  the 
character  of  the  pressure  fluctuations  in  the  pulmonary  arteries.  Wig- 
gers  (69)  foimd,  for  example,  that  in  the  closed  chest  the  maximal 
pressure  fluctuates  between  60  and  32  mm.  Hg.  (average  43.9  mm.) 
while  the  minimal  pressures  range  from  6  to  21  mm.  Hg.  (average  11.9 
mm.).  Since  these  figures  express  only  the  highest  syistolic  pressure 
reached  during  expiration  and  the  lowest  diastolic  pressure  during 
inspiration,  they  also  do  not  permit  a  fundamental  analysis  of  the 
pressure  variations.    This  can,  in  fact,  be  accomplished  only  by  foUow- 
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ing  the  pressure  change  from  beat  to  beat.  When  this  is  done  by  a 
special  pulse-pressure  apparatus,  it  is  found  that  the  actual  pulse-pres- 
sure during  any  cardiac  beat  is  much  less  than  the  difference  between 
maximal  and  minimal  pressures.  This  is  due  to  the  fact  that  while 
both  systolic  and  diastolic  pressures  fall  during  inspiration  and  rise 
during  expiration,  the  pulse-pressures  as  a  rule  are  greater  during  the 
latter  phase. 

Both  the  average  systolic  and  diastolic  pressures,  as  well  as  the  max- 
imal and  minimal  pressures,  are  maintained  at  their  normal  level  only 
when  the  subsidiary  force  or  normal  respiration  is  acting.  Thus,  dur- 
ing apnea,  the  average  systolic  as  well  as  the  maximum  pressure  is 
lower,  while  the  average  diastolic  and  minimal  pressures  are  higher. 
During  dyspnea  the  reverse  effects  obtain. 

During  each  cardiac  cycle  a  small  oscillation  is  apparently  super- 
imposed on  respiratory  variations  of  mean  blood  pressure  curves. 
When  registered  by  optically  recording  manometers,  each  of  these 
cardiac  variations  is  fouhd  to  consist  of  a  characteristic  pressure  pulse 
with  a  contour  resembling  that  described  by  Frank  in  the  systemic 
circuit  (cf.  Straub  (55),  Wiggers  (69) ).  The  details  of  these  pressure 
pulses  differ  somewhat  during  inspiration  and  expiration.  During 
inspiration  the  auricular  wave  is  less  pronunent,  but  the  amplitude  of 
the  preliminary  vibrations  occurring  during  the  isometric  phase  of 
systole  increases.  The  primary  oscillations  become  sharper  and,  more 
spike-like  indicating  that  a  greater  throw  and  rebound  of  the  blood 
column  occurs  during  this  phase.  The  systolic  summit  which  rapidly 
rises  to  a  sharp  peak  during  expiration  approximates  a  short  ascendng 
or  horizontal  plateau  during  inspiration.  Systolic  and  diastolic  pressures 
fall  during  inspiration  and  rise  during  expiration. 

The  pressure  variations  in  the  pulmonary  veins  have  been  little 
investigated  in  the  closed  chest.  The  earlier  results  of  Plumier  and 
Wiggers  show  that  the  mean  pressure  is  little  above  zero.  Probably 
the  pulmonary  venous  pressures  do  not  exceed  greatly  those  in  the  left 
auricle.  The  writer  foimd  that  the  mean  left  auricular  pressure  is 
usually  negative  during  normal  inspiration  (—2  to  50  mm.  saline)  but 
becomes  positive  during  normal  expiration  (+  6  to  +  38  mm.  saline). 
The  effective  pressure,  i.e.,  the  difference  between  left  auricular  and 
left  intrathoracic  pressure,  is  slightly  greater  during  inspiration  (51.5 
mm.  saline)  than  during  expiration  (46.4  mm.  saline). 

How  is  the  great  drop  in  pressure  gradient  between  pulmonary  artery 
and  left  auricle  indicated  by  these  results  and  specifically  emphasized. 
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also,  by  Fuhner  and  Starling  (21),  to  be  explained?  The  pressure  in 
the  short  pulmonary  venous  trunks  and  left  auricle  is  determined  not 
only  by  the  blood  volumes  entering  by  way  of  the  capillaries,  but  also 
by  thfe  amount  withdrawn  from  them  by  the  left  heart.  The  relatively 
low  venous  pressure  must  therefore  indicate  that  the  left  ventricle 
keeps  the  pulmonary  vessels  well  pumped  out.  As  a  result  the  left 
heart,  unlike  the  right,  does  not  enjoy  a  luxus  supply  of  venous  blood, 
but  its  continued  function  is  conditioned  at  all  times  upon  the  receipt 
of  an  adequate  supply  of  blood  through  the  pulmonary  capillaries. 

We  may  briefly  inquire  how  this  squares  with  data  as  to  the  blood 
content  of  the  limgs.  Experimental  results  by  Menicanti  (40),  Spehl 
and  Desquin  (51)  and  others  indicate  that  the  lungs  contain  only  5.3 
to  9  per  cent  of  the  total  blood  volume  of  the  body.  During  a  vigorous 
circulation  Kuno  (34)  found  that  this  might  increase  to  a  maximum  of 
19.4  per  cent.  No  assurance  is  given,  however,  that  these  figures  apply 
to  the  intact  circulation.  Since  less  than  half  of  this  volume  is  prob- 
ably contained  in  the  pulmonary  veins,  it  is  evident  that  they  contain  a 
much  smaller  reserve  volume  than  the  systemic  veins  supplying  the 
right  heart  (32). 

THE   Mechanical  factors  concerned   in  the   dynamics   of  the 

PULMONARY    CIRCULATION 

Three  mechanical  factors,  operating  separately  or  together,  may  con- 
ceivably alter  the  pressures  and  volumes  of  blood  contained  in  the 
pulmonary  vessels.  They  are  i,  the  minute  output  of  the  right  ven- 
tricle; ;^,  the  resistance  and  capacity  changes  in  the  pulmonary  cir- 
cuit; 8,  "back-pressure  resistance"  produced  in  the  left  heart  by 
changes  in  the  systemic  circuit. 

1,  The  minute  output  of  the  right  heart.  The  minute  volume  dis- 
charge from  the  right  ventricle  into  the  pulmonary  artery  is  determined 
by  the  heart  rate  and  systolic  discharge. 

a.  Effect  of  systolic  discharge.  A  great  deal  of  experimental  work 
has  accumulated  to  show  that  at  constant  heart  rates  the  systolic  dis- 
charge depends  on  the  venous  return.  The  experiments  of  Henderson 
and  his  collaborators  (24)  indicate  that  this  concerns  a  reduction  of 
venous  return  below  normal  alone;  while  the  arguments  of  Krogh  (32) 
and  experimental  work  of  StarUng  and  collaborators  (52),  Straub  (54), 
Socin  (50),  as  well  as  Wiggers  (70),  indicate  that  this  also  follows  an 
increased  venous  return.    As  relating  to  the  pulmonary  circulation  we 
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may  refer  first  to  the  work  of  Plumier  (45)  who  in  1904  demonstrated 
that  compression  of  the  inferior  vena  cava  causes  a  reduction  in  mean 
puhnonary  arterial  pressure.  More  recently,  Straub  (56)  has  shown 
that  such  a  reduction  of  venous  inflow  causes  in  the  heart-lung  prepara- 
tion a  decreased  systolic  discharge,  decreased  lung  volume  and  decreased 
left  auricular  pressure.  Saline  infusion,  by  augmenting  the  systolic 
discharge,  on  the  contrary,  increases  the  mean  pulmonary  arterial 
pressure  as  has  been  shown  by  Erikson  (20),  Anderes  and  Cloetta  (2), 
and  Cloetta  and  Staubli  (14)  and  others.  Accompanying  the  increase 
in  pulmonary  arterial  pressure,  Cloetta  and  his  co-workers  found  an 
increase  in  the  plethysmographic  lung  volume  and  an  increased  rate  of 
oxygen  absorption,  facts  which  they  interpret  to  indicate  an  active 
pulmonary  congestion  accompanied  by  a  better  blood  flow  through  the 
hmgs.  The  increased  discharge  of  the  left  heart,  secondarily  induced,has 
generally  been  found  to  cause  less  elevation  of  systemic  than  pulmonary 
pressure  so  that  the  ratios  of  pulmonary  to  systemic  mean  pressures 
are  changed.  Fiihner  and  Starling  (21),  however,  foimd,  in  their  heart- 
lung  preparation,  a  corresponding  increase  in  both  pressures — the  nor- 
mal pressure  ratio  always  remaining  approximately  1:6.  Results 
obtained  on  a  similar  heart-lung  preparation  by  Straub  (54)  do  not 
bear  this  out,  however.  He  was  unable  to  discover  any  effect  of 
increased  venous  return  on  either  the  initial  or  maximum  pressure 
within  the  left  ventricle. 

There  is  obviously  a  limit  beyond  which  the  right  ventricle  is 
unable  to  expel  all  the  returned  blood,  with  the  result  that  it  dilates 
and  pulmonary  arterial  pressure  falls.  This  is  shown  by  the  experi- 
ments of  Kuno  (33),  who  found  that  a  very  considerable  increase 
in  venous  inflow  always  causes  an  increase  of  pressure  in  the  pul- 
monary artery,  left  auricle  and  aorta  even  if  the  systemic  arterial 
load  is  not  reduced  by  changing  the  controllable  artificial  resistance  of 
his  heart-lung  preparation.  In  such  cases,  right  auricular  pressure  is 
also  elevated  but  Kuno's  results  indicate  that  the  relative  elevation  of 
the  right  auricular  and  pulmonary  arterial  pressures  depends  on  the 
inflow  rate  previous  to  its  augmentation.  Thus,  if  the  inflow  rate  is 
small  at  the  start,  the  right  ventricle  is  capable  of  taking  care  of  increas- 
ing venous  return,  as  evidenced  by  a  relatively  smaller  elevation  of  the 
venous  than  of  the  pulmonary  pressure.  If,  however,  the  previous 
inflow  rate  is  already  large,  then  every  additional  increase  in  inflow 
causes  comparatively  Uttle  additional  elevation  of  pulmonary  arterial 
and  left  auricular  pressures  but  a  great  increase  of  the  pressures  in  the 
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right  heart,  i.e.,  the  heart  is  decompensated.  The  experiments  of 
Kuno  show  further  that  the  natural  support  offered  the  ventricles  by 
the  pericardium  is  an  important  factor  in  delaying  decompensation. 
Thus,  he  found  that  if  the  pericardium  is  opened  while  a  small  or  moder- 
ate inflow  takes  place  into  the  right  heart,  the  right  ventricle  tends  to 
dilate  and  the  pressures  in  the  pulmonary  artery  and  right  auricle  decline. 
Within  20  seconds,  however,  the  pulmonary  arterial  pressure  increases 
again  to  or  above  normal,  while  the  right  auricular  pressure  slightly 
rises.  The  results  are  different  when  the  pericardium  is  opened  while 
the  heart  is  receiving  a  large  inflow;  the  dilatation  of  the  right  heart 
and  fall  of  pulmonary  pressiure  are  then  reported  to  be  permanent. 

That  similar  effects  also  occiu-  in  the  pulmonary  arterial  system  when 
the  chest  is  intact,  is  indicated  by  the  variations  of  the  second  pul- 
monic soimd  during  saline  infusion.  The  writer  (77)  has  recently 
reported  that,  when  saline  is  injected  to  the  point  where  the  heart 
becomes  irregular  and  the  intensity  of  the  first  sound  decreases,  then 
the  intensity  of  the  pulmonary  second  sound  also  diminishes.  If  injec- 
tion is  stopped  and  the  heart  is  allowed  to  recover,  the  second  pul- 
monary sound  becomes  louder  and  louder,  reaching  an  intensity  much 
in  excess  of  normal.  This  has  been  interpreted  to  indicate  that,  diuing 
extreme  dilatation,  the  pressure  at  the  onset  of  diastole  falls  when  the 
heart  is  much  dilated  but  rises  when  it  recovers  from  such  dilatation. 

The  conclusions  may  therefore  be  reached  that  the  pressures  through- 
out the  pulmonary  circuit  and  in  the  left  auricle  vary  directly  with  the 
systolic  discharge  of  the  right  ventricle,  provided,  of  course,  that 
other  factors  remain  equal  and  that  the  increased  return  is  not  suflB- 
cient  to  cause  dilatation  and  decompensation. 

b.  Changes  in  heart  rate.  An  alteration  in  heart  rate  obviously 
affects  the  minute  discharge  of  the  right  heart  and  may  at  once  be 
looked  upon  as  a  factor  controlling  the  pulmonary  arterial  pressures. 
Since  the  minute  discharge  of  the  left  heart  is  presumably  affected  to 
an  equal  degree,  however,  we  may  theorize  that  the  total  blood  within 
the  lungs  must  remain  unchanged.  The  plethysmographic  experi- 
ments of  Weber  (62)  as  well  as  those  of  Anderes  and  Cloetta  (2)  indi- 
cate, however,  that  an  increase  in  lung  volume  actually  takes  place 
when  the  heart  is  slowed.  The  latter  investigators  and  also  Erikson 
(20)  found  that  the  mean  pulmonary  arterial  pressure  falls.  From  this 
we  may  conclude  that  the  volume  of  pulmonary  venous  blood  increases 
while  that  contained  in  the  pulmonary  arteries  decreases. 
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The  influence  which  changes  in  heart  rate  have  on  the  puhnonary 
systolic  and  diastolic  pressures  was  studied  in  a  large  range  of  rates  by 
the  writer  (69).  The  results  show  that,  as  the  heart  cycle  increases  in 
length  up  to  0.8  second  (approximately),  the  systoUc  pressure  either 
undergoes  no  change  or  displays  a  sUght  tendency  to  increase.  When 
the  cycles  exceed  1  second  in  length,  the  systolic  pressure  actually 
increases.  Pari  passu  with  these  changes  the  diastolic  pressure  under- 
goes a  reduction.  These  studies  are  of  interest  in  connection  with  the 
rhythmic  variations  occurring  naturally  during  inspiration  and  expi- 
ration for  it  is  found  that,  within  the  ranges  that  these  variations 
usually  occur  in  man  (0.6  to  0.9  second)  there  is  practically  no  effect 
on  the  diastolic  and  a  very  sUght  effect  on  the  systolic  pressure. 

2,  The  resistance  in  (he  pulmonary  circuit.  The  startUng  observa- 
tion of  Lichtheim  that  ligation  of  one  entire  lung  may  be  without  effect 
on  the  systemic  pressure  inclined  Tigerstedt  (59)  to  question  whether 
mechanical  variations  in  resistance,  such  as  occur,  for  instance,  during 
respiration,  can  have  any  profound  effect  on  the  pulmonary  arterial 
pressure  or  on  the  blood  flow  through  the  lungs.  The  observations  of 
Lichtheim  were  confirmed  by  Plumier  (45)  and  by  (Jerhardt  (22), 
who  found  that  ligation  of  the  left  pulmonary  artery  did  not  perma- 
nently affect  the  carotid  mean  pressure.  R.  Tigerstedt  (58),  in  1907, 
corroborated  and  extended  the  observations  by  showing  that  the 
minute  output  of  the  left  heart,  as  measured  by  the  strohmuhr,  was 
only  slightly  decreased.  These  experiments  are  important  in  demon- 
strating that  compensatory  vasoconstriction  is  not  the  cause  of  the 
maintained  arterial  pressure,  but  that,  as  he  had  previously  suggested, 
the  flow  returned  to  the  left  heart  is  maintained  at  practically  a  normal 
level  through  the  opening  of  new  channels  in  the  lungs. 

Observations  which  indicate  that  changes  in  pulmonary  resistance 
play  an  important  part  in  the  control  of  pulmonary  arterial  pressures 
were  reported  by  the  writer  (74)  in  1914.  In  my  experiments,  the 
light  ventricular  pressure  curves  showed  not  only*  an  elevation  of  the 
systolic  pressure  after  compression  of  a  pulmonary  branch  of  a  right 
lobe,  but  also  such  changes  as  are  usually  regarded  characteristic  of 
an  increased  arterial  resistance.  The  ascending  Umb  of  the  right  intra- 
ventricular pressure  curve  increases  in  height,  reaches  its  summit  later 
and  the  pressure-maximum  occurs  later  during  ejection.  More  recently 
Straub  (55),  using  similar  methods,  states  that  he  was  unable  to  con- 
firm these  findings  and  attributes  the  phenomena  obtained  by  myself 
to  variations  in  systolic  discharge  accidentally  produced  in  manipula- 
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tion.  No  records  of  the  actual  effects  obtained  are  published  by  Straub 
however.  In  1915  the  question  was  studied  by  Kuno  (33)  on  a  heart- 
lung  preparation.  He  found  that  if  the  venous  inflow  is  small,  elimina- 
tion of  one  lung  causes  only  a  very  slight  and  temporary  fall  of  carotid 
pressure  but  a  permanent  increase  in  pulmonary  arterial  pressure.  If 
the  venous  inflow  is  large,  however,  pulmonary  arterial  pressure  rises 
greatly  after  occlusion  of  a  pulmonary  branch  while  the  left  auricular 
and  aortic  pressures  are  permanently  reduced.  Kuno  therefore  believes 
that  the  contrary  results  obtained  by  previous  workers  are  character- 
istic only  when  the  venous  return  is  low;  and  warns  us  that,  from  such 
results,  generalizations  should  not  be  made  and  applied  to  normal 
animals  in  which  the  venous  flow  is  much  larger. 

In  conclusion,  we  may  believe  that  the  effects  produced  by  mechan- 
ical changes  in  lung  resistance  are  capable  of  affecting  the  pulmonary 
arterial  pressures  and  the  pressure  variations  in  the  right  ventricle. 
Indeed  it  is  probably  through  such  a  pressure  elevation  that  a  normal 
flow  through  newly  opened  circuits  is  maintained. 

The  influence  of  inspiration  and  expiration  on  the  pulmonary  resist- 
ance has  been  studied  in  several  ways.  Perfusion  of  the  lung  vessels 
has  been  a  favorite  method  of  investigating  the  influence  of  inflation 
produced  by  both  positive  presstire  and  negative  suction.  This  work, 
carefully  reviewed  by  R.  Tigerstedt  (57),  shows  that  the  flow  through 
the  lungs  increases  during  inspiration.  Clamping  the  roots  of  the  lung 
at  the  end  of  expiration  and  inspiration  has  been  found  unsatisfactory, 
for,  aside  from  the  fact  that  the  results  are  discordant,  the  method  does 
not  distinguish  variations  in  blood  content  due  to  an  altered  output 
from  those  due  to  a  change  in  the  vessels  themselves.  Histological 
examinations  of  collapsed  and  inflated  lungs  are  reported  by  Poiseuille 
to  show  that  the  lung  capillaries  are  longer  and  narrower, — findings 
corroborated  by  Cloetta  (10).  Continuing  his  investigations,  Cloetta 
(11)  subsequently  pointed  out  that  two  opposite  forces  act  upon  the 
jntrapulmonary  vessels  when  the  lungs  expand:  1,  A  radial  traction  of 
the  expanding  alveoli  which  tends  to  enlarge  the  vessels  between  them; 
but  this  force  is  soon  converted  into  an  actual  compression  when  the 
alveoli  acqxiire  the  polygonal  shape  of  inspiration.  2y  A  linear  traction 
which  lengthens  the  vessels  and  thereby  reduces  their  caliber.  The 
conclusion  is  reached  from  these  histological  studies  that  the  forces 
causing  an  increased  resistance  during  lung  expansion  always  more 
than  counterbalance  the  dilating  influence. 
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Cloetta  also  substantiated  these  deductions  by  enclosing  a  lung 
within  a  plethjrsmograph.  When  the  lungs  were  inflated  by  a  negative 
pressure,  the  lung  pulsations  fnMn  the  plethj'^mograph  decreased,  the 
syBtemic  pressure  fell  and  the  pulmonary  arterial  pressure  rose.  These 
observations  were  interpreted  as  showing  that,  when  the  lungs  are 
inflated,  the  resistance  within  the  pulmonary  S3rstem  increases.  Upon 
such  an  hypothesis,  it  would  be  difficult,  however,  to  explain  the  fall  of 
pulmonary  arterial  pressure  during  natural  inspiration.  Cloetta  has 
carried  his  work  still  farther  and  showed  that,  if  the  lungs  within  a 
pleth3rsmograph  are  only  partially  inflated,  both  pulmonary  and 
systemic  arterial  pressures  fall.  The  former  fact  is  interpreted  as  indi- 
cating that,  when  the  lungs  are  only  partially  inflated,  the  dilating 
influence  of  radial  traction  becomes  supreme  and  the  lungs  are  in  the 
most  favorable  condition  for  a  larger  blood  flow.  Consequently,  as 
applied  to  the  natural  influence  of  inspiration,  Cloetta's  modified  views 
are  that  the  intrapulmonary  vessels  are  mechanically  dilated  at  the 
beginning  of  inspiration  but  tend  to  be  compressed  toward  the  end  of 
this  respiratory  phase. 

It  should  be  borne  in  mind,  however,  that  the  entire  pulmonary 
resistance  is  not  determined  by  the  size  of  the  smaller  intrapulmonary 
vessels  alone,  de  Jager  (27),  long  ago,  suppUed  interesting  evidence 
as  to  the  effect  of  negative  pressures  on  the  extrapulmonary  Vessels. 
He  showed  that,  when  both  the  pulmonary  artery  and  vein  were  sub- 
mitted to  the  same  negative  pressure  the  vein,  which  was  thinner 
walled,  dilated,  while  the  arterial  diameter  decreased.  Apparently 
this  occurs  because  the  dilatation  of  the  vein  lessens  the  venous  pres- 
sure which,  by  diminishing  the  "vis  a  fronte,"  increases  the  flow  from 
artery  to  vein  and  consequently  reduces  the  pressure  and  caUber  of 
the  artery.  According  to  this  observation — which  has,  to  the  writer's 
knowledge,  never  been  repeated — the  caUber  of  the  pulmonary  vessels 
depends  partly  on  external  and  partly  on  internal  pressures  of  the 
arteries.  It  is  conceivable  that  a  similar  decrease  in  the  "vis  a  fronte" 
may  be  brought  about  by  a  dilatation  of  the  auricle  or,  even  as  Lewis 
(38)  suggests,  by  an  increased  filling  of  the  left  ventricle  due  to  a  more 
negative  pericardial  pressure. 

It  is  evident  that  a  change  in  the  total  resistance  within  the  pulmo- 
nary circuit  is  the  resultant  of  a,  a  changing  capacity  of  the  extra  and 
intrapulmonary  arteries  and  branches;  6,  the  changing  resistance  of  the 
sanaller  arterioles  and  capillaries,  and  c,  the  changing  venous  and  left 
auricular  pi-easures. 
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5.  Back-pressure  effects.  K,  even  for  a  few  beats,  the  minute  dis- 
charge of  the  left  heart  is  reduced  while  that  of  the  right  heart  remains 
imaltered,  a  stasis  of  blood  within  the  pulmonary  veins  must  take  place. 
By  offering  greater  resistance  to  the  normal  flow  of  capillary  blood  this 
increased  "vis  a  fronte"  tends  to  elevate  the  pulmonary  arterial  and 
right  ventricular  pressures,  also.  This  djoiamic  sequence  is  implied 
by  the  term  "back-pressure  effects." 

How  frequently  does  such  a  "back-pressure  effect"  occur  when  the 
arterial  load  is  increased?  The  earlier  experimental  work  on  the 
subject  was  contradictory.  Thus  Welch  (66)  in  his  classical  experi- 
ments found  that  ligation  of  the  aorta  in  rabbits  produces  a  consider- 
able elevation  of  pulmonary  arterial  pressure  leading  eventually  to 
pulmonary  edema.  Bradford  and  Dean  (6)  investigated  the  effects 
of  such  changes  in  arterial  resistance  as  more  probably  come  within 
the  range  of  possibility  within  the  intact  circulation.  They  found 
that  temporary  compression  of  the  aorta  or  increased  vasoconstriction 
causes  only  a  slight  and  inconsequential  elevation  of  pulmonary  arterial 
pressures.  The  tendency  has  therefore  been  to  conclude  with  Hill  (26) 
that  such  "back-pressure  effects"  follow  increased  arterial  resistance 
only  when  the  'heart  muscle  is  intrinsically  depressed. 

More  recent  experiments  have  concerned  themselves  with  the  two 
distinct  questions:  i,  as  to  whether  there  is  a  retention  of  blood  in  the 
left  ventricle,  left  auricle  and  pulmonary  veins;  and  j^,  whether  such  a 
retention  can  cause  an  elevation  of  pulmonary  arterial  pressures  as 
well.  The  degree  of  pressure  elevation,  to  a  certain  extent,  determines 
whether  a  passive  congestion  of  the  pulmonary  veins  takes  place. 
Thus,  it  appears  that  if  the  pressure  is  moderately  elevated  by  periph- 
eral vasoconstrictor  action,  induced  either  by  splanchnic  stimulation 
(69)  or  mild  epinephrin  constriction  (68),  there  is  no  reduction  in  the 
minute  volmne  discharged  by  the  left  heart.  If,  however,  as  R.  Tiger- 
stedt  (68)  has  shown,  the  resistance  increases  greatly  after  larger 
doses  of  epinephrin  then  the  output  is  reduced,  and  presumably  passive 
congestion  obtains.  This  has  been  confirmed  by  Velich  (61)  who  found 
that,  imder  these  conditions,  the  left  auricular  and  pulmonary  arterial 
pressures  also  increase.  It  is  probable,  however,  that  in  such  cases 
other  factors  than  the  primary  increase  in  arterial  pressure  may  be 
concerned.  Thus,  Krogh  (32)  points  out  that  the  effect  may  possibly 
be  in  part  ascribed  to  a  deleterious  action  of  the  very  high  arterial  pres- 
sures on  the  heart.  The  experiments  of  Plumier  (46)  indicate,  further- 
more, that  these  results  may  possibly  be  explained  by  the  slowing  of 
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the  heart.  He  found  that  when  the  slowing  of  the  ventricle  is  pre- 
vented by  previous  vagus  section,  epinephrin  always  causes  a  fall  of 
left  auricular  pressure; 

Fiihner  and  Starling  (21),  working  with  a  heart-lung  preparation  in 
which  cardiac  rate  and  venous  inflow  were  controlled,  found  that,  in 
apparently  vigorous  hearts,  every  elevation  of  systemic  pressure  causes 
a  corresponding  rise  of  pressure  in  the  left  auricle,  pulmonary  artery 
and  even  in  the  right  auricle.  Cloetta  and  Staubli  (14)  found  that 
compression  of  the  thoracic  aorta  always  induces  an  increased  lung 
volume  and  some  elevation  of  pulmonary  arterial  pressure.  On  the 
other  hand,  Modrakowski  (42)  reports  that  marked  passive  puhnonary 
venous  congestion  produced  by  blocking  the  pulmonary  veins  does  not 
aflfect  pulmonary  arterial  pressure.  Straub  (56),  who  also  used  a  heart- 
lung  preparation,  found  that  an  increased  arterial  resistance  always 
produces  a  passive  pulmonary  congestion  as  indicated  by  an  increased 
lung  volume  and  increased  left  auricular  pressure  but  these  changes 
according  to  him  do  not  afifect  the  pulmonary  arterial  or  right  ventric- 
ular pressures  as  long  as  the  heart  has  a  good  blood  supply  at  the  start. 
Similar  conclusions  are  reached  on  less  adequate  experimental  grounds 
by  Gerhardt  (22). 

While  such  experimental  observations  leave  no  doubt  that  a  marked 
increase  in  the  arterial  resistance  causes  a  retention  of  blood  within 
the  left  heart  leading  to  a  passive  pulmonary  congestion,  they  are  not 
concordant  on  the  question  as  to  whether  this  is  also  capable  of  affect- 
ing pulmonary  arterial  pressures.  Probably  these  contradictory  results 
are  in  part  explainable  on  the  basis  of  differences  in  apparatus  and 
technical  procedures  employed,  but  a  careful  consideration  gives  the 
impression  that  the  effect  on  pulmonary  arterial  pressures  is  deter- 
mined by  the  operation  of  certain  compensatory  reactions  which  will 
be  analyzed  later. 

THE  NERVOUS  CONTROL  OF  THE  PULMONARY  VESSELS 

1,  The  effects  of  nerve  stimulation.  Direct  experimental  evidence  as  to 
the  existence  of  a  nervous  control  of  the  pulmonary  vessels  has  been 
somewhat  contradictory.  Brodie  and  Dixon  (6),  in  1904,  could  find  no 
alteration  in  the  flow  through  the  lungs  perfused  in  situ  upon  stimula- 
tion of  either  the  sympathetic  or  vagus  nerves.  In  the  same  year, 
Plumier  (45)  reported  that  stimulation  of  certain  sympathetic  fibers 
causes  an  increase  in  pulmonary  arterial  and  a  drop  of  left  auricular 
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pressure.  In  a  second  communication,  he  also  reported  a  diminished 
flow  in  perfused  lungs  when  the  annulus  of  Vieussens  was  stimulated. 
Erikson  (20),  in  1907,  obtained  onjy  negative  effects  on  pulmonary 
arterial  pressures  upon  stimulation  of  the  vagus  fibers,  after  atropin 
had  previously  been  administered.  Although  the  pulmonary  arterial 
pressure  increased  after  stimulation  of  various  portions  of  the  thoracic 
sympathetic  chains  and  heart  rate  variations  could  be  excluded,  the 
fact  that  the  systemic  pressure  also  augmented  points  to  the  proba- 
bility that  augmenting  cardiac  fibers  might  have  induced  the  results. 

Positive  evidence  that  the  vago-sympathetic  nerve  of  the  turtle 
contains  puhnonary  vasoconstrictors  was  adduced  by  Krogh  (31),  who 
found  that  the  pulmonary  blood  flow  decreases  during  vagus  stimula- 
tion and  increases  after  vagus  section.  These  changes  were  accom- 
panied by  corresponding  changes  in  oxygen  consumption.  In  the 
same  year  Weber  (62)  was  unable,  however,  to  detect  any  volumetric 
variations  in  the  lungs  of  cats  that  could  be  attributed  to  nerve  stimu- 
lation. His  criteria  may,  however,  be  questioned.  In  1911,  Karsner 
(29)  found  histological  evidence  of  nerve  fibrils  in  the  media  of  the 
pulmonary  artery.  Whether  they  were  sensory  or  motor  in  character 
could,  of  course,  not  be  determined.  Very  recently,  O.  Larsell  (37)  in 
work  as  yet  unpublished  has  succeeded  in  tracing  nerve  fibrils  directly 
to  the  muscle  elements  in  the  pulmonary  arterioles  of  rabbits.  At  the 
1920  meeting  of  the  American  Physiological  Society,  Carlson  and  Luck- 
hardt  (8)  demonstrated  a  contraction  of  the  pulmonary  artery  in  the 
frog  when  the  vagus  nerve  was  stimulated.  The  diminution  in  the 
size  of  the  pulmonary  artery  persisted  when  vagus  effects  on  the  heart 
were  abolished  by  the  use  of  nicotine  but  failed  to  occur  after  atropin — 
which  is  thereby  shown  to  paralyze  the  vasomotor  endings  in  the  lungs. 
On  the  basis  of  such  evidence,  we  may  conclude  with  Schafer  "that 
the  pulmonary  system  is  provided  with  vasomotor  nerves  can  no 
longer  admit  of  doubt.'' 

2.  The  reaction  of  the  pulmonary  vessels  to  epinephrin.  As  a  result  of 
Elliot's  (19)  investigations,  the  reaction  of  blood  vessels  to  epinephrin 
has  come  to  be  regarded  as  a  convenient  criterion  as  to  the  existence 
of  vasomotor  fibers;  for  even  if  a  constrictor  reaction  to  epinephrin  be 
not  invariably  accepted  as  quite  certain  demonstration  of  a  nerve 
control,  the  lack  of  such  a  reaction  supplies  presumptive  evidence  that 
probably  such  a  control  does  not  exist.  The  extensive  work  as  to  the 
effect  of  epinephrin  on  the  pulmonary  vessels  is  best  grouped  about  the 
method  used  to  investigate  its  action. 
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Many  investigators  have  sought  to  find  evidence  of  a  constrictor 
action  by  studying  its  effect  on  the  intact  puhnonary  circulation. 
Cybulski  and  Symonowicz  first  demonstrated  that  adrenalin  slightly 
elevates  the  puhnonary  arterial  pressure,  but  since  VeUch  (61)  later 
showed  that  the  pressure  in  the  left  auricle  also  rises,  it  became  doubtful 
whether  a  rise  of  pulmonary  arterial  pressure  alone  may  be  considered 
evidence  of  a  constriction  of  the  lung  arterioles.  In  1904  Plumier  (46) 
showed  that  the  backing  up  of  blood  which  causes  a  rise  of  left  auric- 
ular pressure  in  such  cases  is  due  to  a  slowing  of  the  heart  and  can  be 
prevented  by  the  section  of  the  vagi  nerves.  Adrenalin  then  causes  a 
rise  of  pulmonary  arterial  pressure,  while  the  pressure  in  the  left 
auricle  actually  falls.  Having  thus  ruled  out  "back-pressure  effects," 
Plumier  interpreted  his  reactions  as  due  to  a  constriction  of  the  pulmo- 
nary vessels.  These  results  have  since  been  confirmed  by  Petit  jean  (44) 
and  myself  (71). 

On  carrying  my  experiments  further,  however,  an  obstacle  to  such 
an  explanation  arose,  for  it  was  found  that  the  outflow  and  pressure 
recorded  from  the  peripheral  end  of  a  pulmonary  vein  were  always 
increased  by  adrenalin,  whereas,  had  a  constriction  alone  occurred, 
they  should  have  decreased.  The  fact  is  that  section  of  the  vagi  nerves 
does  not  abolish  the  action  of  adrenaUn  on  the  heart,  for,  though 
changes  in  rate  may  not  be  apparent,  it  still  tends  to  augment  the 
minute  output  from  the  ventricles.  Consequently,  the  right  ventricle 
throws  more  blood  into  the  pulmonary  arteries  (as  shown  by  the  greater 
outflow  from  a  pulmonary  artery)  and  so  causes  a  rise  of  pulmonary 
arterial  pressure.  This  greater  amount  is  partly  transferred  through 
the  capillaries  into  the  pulmonary  veins  and  thus  increases  the  pressure 
and  flow  from  the  peripheral  end  of  the  latter.  The  fall  of  pressure  in 
the  left  auricle  is  probably  produced  by  the  more  complete  draining 
into  the  left  ventricle  consequent  to  the  greater  relaxation  induced  by 
adrenaUn. 

More  recently  the  question  has  been  reinvestigated  with  modifica- 
tions and  innovations  in  technic  and  methods.  In  1910  Weber  (62) 
obtained  first  a  decrease  and  then  an  increase  in  limg  volume  indicat- 
ing, as  he  believed,  a  primary  vasoconstriction  which  is  secondarily 
overbalanced  by  passive  congestion.  This  was  not  .confirmed,  how- 
ever, either  in  plethysmographic  experiments  of  Cloetta  and  Anderes 
(12),  or  in  the  experiments  of  Kraus  (30)  and  Retzlaff  (48)  who  both 
consistently  recorded  an  increase  in  pulmonary  volume  after  epinephrin 
even  when  the  vagi  nerves  had  previously  b(?en  sectioned.     Subse- 
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quently,  Anderes  and  Cloetta  (2)  further  showed  that  these  changes 
are  accompanied  by  an  increased  rate  of  oxygen  absorption  which  they 
interpret  as  conclusively  precluding  active  vasoconstriction.  The 
results  are  exactly  in  accord  with  my  own  experiments  alluded  to  above 
but  it  does  not  seem  clear  why  the  alternative  conclusion  may  not  be 
drawn,  viz.,  that  any  constriction  which  may  be  induced  is  over- 
powered by  the  increased  minute  discharge  of  the  right  heart. 

In  1913  Dixon  and  Ransom  (16)  noticed  that  the  elevation  of  pul- 
monary arterial  pressure  precedes  that  in  the  systemic  circuit,  while 
the  rise  of  pulmonary  venous  pressure  is  delayed  from  5  to  10  seconds. 
They  drew  no  conclusions  as  to  its  significance,  however.  More 
extensive  observations  upon  the  relative  onset  of  pressure  changes  in 
the  pulmonary  and  systemic  circuits  were  made  by  Schafer  and  Lim 
(49)  in  1919.  These  investigators  analyze  the  many  factors  which 
may  secondarily  affect  pulmonary  arterial  pressure  during  action  of 
epinephrin  and  which  may  cause  varied  effects  in  different  animals. 
Their  chief  evidence  that  epinephrin  constricts  the  pulmonary  vessels 
apparently  rests  on  the  observation  that  in  some  experiments  intra- 
venous injection  affects  the  pulmonary  arterial  pressure  before  the 
systemic  if  the  drug  is  administered  intravenously,  while  the  systemic 
effects  precede  the  pulmonary  if  it  is  injected  directly  into  the  arterial 
circuit.  In  spite  Of  an  elaborate  discussion  of  the  dynamics  involved, 
it  is  not  clear  why  the  primary  effect  on  the  pulmonary  circuit  might 
not  be  attributed  to  an  initial  effect  on  the  right  ventricle  rather  than 
on  the  pulmonary  vessels. 

In  1913  Fiihner  and  Starling  (21)  studied  the  effect  of  epinephrin  on 
the  pulmonary  circuit  in  the  heart-lung  preparation,  in  which  all  fac- 
tors are  supposedly  under  control.  They  obtained  a  rise  of  pulmonary 
arterial  and  a  fall  of  left  auricular  pressures.  That  the  latter  could  not 
be  attributed  to  a  stronger  contraction  of  the  left  ventricle  was  indi- 
cated by  the  observations  that  the  output  of  the  left  ventricle  was  not 
increased  but,  in  fact,  often  diminished.  It  was  not  shown,  however, 
that  the  suggestion  which  the  writer  had  previously  made  was  not 
concerned,  viz.,  that  as  a  result  of  the  greater  diastoUc  relaxation 
induced  by  epinephrin  more  blood  might  not  be  drained  and  retained 
by  the  left  ventricle. 

In  conclusion, — while  a  number  of  investigators  have  obtained 
results  which  to  them  appeared  to  indicate  clearly  that  epinephrin  con- 
stricts the  pulmonary  vessels,  the  writer  feels  that  the  conclusions 
reached  in  1909  still  apply.    As  the  writer  (68)  distinctly  emphasized, 
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these  results  do  not  indicate  that  adrenalii;i  is  without  action  on  the 
puhnonary  vessels,  or  dilates  them.  They  do  indicate,  however,  that 
if  any  action  exists,  it  is  passively  overpowered  by  the  simultaneous 
effect  of  the  drug  on  the  heart.  For  this  reason  the  method  can  shed 
no  light  on  the  fundamental  question  as  to  whether  or  not  the  pul- 
monary vessels  are*  actively  affected  by  adrenalin. 

We  may  next  consider  the  results  obtained  by  the  perfusion  method. 
Brodie  and  Dixon  (6)  in  1904  found  no  effect  or  a  slight  tendency  to 
dilatation — as  indicated  by  the  rate  of  venous  outflow.  Plumier  (46) 
in  the  same  year,  using  the  same  method,  found  a  definite  decrease  in 
venous  outflow  which  he  attributed  to  vasoconstriction.  This  was 
confirmed  by  Wiggers  (68)  in  1909.  At  that  time  the  writer  pointed 
out  that  the  dilator  effects  of  Brodie  and  Dixon  might  be  only  apparent 
and  really  due  to  a  reduction  in  the  viscosity  of  the  perfusate  which 
resulted  when  adrenalin  dissolved  in  Locke's  solution  was  added  to  the 
perfused  defibrinated  blood.  Similar  evidences  of  a  constrictor  effect 
by  the  perfusion  method  have  been  subsequently  obtained  by  Camp- 
bell (7),  Ftihner  and  Starling  (21),  Tribe  (60),  Schafer  and  Lim  (49). 
Baehr  and  Pick  as  well  as  Beresin  (4),  on  the  other  hand,  report  nega- 
tive results. 

The  effect  of  epinephrin  has  also  been  tested  on  isolated  strips  of 
pulmonary  artery.  Meyer  (41)  in  1906  first  presented  evidence  that 
pulmonary  rings  taken  from  the  ox  are  constricted.  These  observa- 
tions have  since  been  confirmed  by  Langendorff  (35),  Campbell  (7), 
Cow  (15),  Barbour  (3)  and  Macht  (39),  in  the  case  of  pulmonary 
rings  taken  from  many  different  animals,  man  included.  The  latter 
investigators  noted,  however,  that  the  contractions  become  less  and 
less  as  the  smaller  vessels  are  approached,  finally  failing  entirely  in  the 
smaller  rings  examined.  Cow  concludes  from  this  that  the  sympa- 
thetic innervation  is  limited  to  the  larger  pulmonary  vessels.  As 
Schafer  and  Lim  well  point  out,  however,  this  may  readily  be  attributed 
to  the  fact  that  the  smaller  vessels  do  not  contract  suflBciently  to  affect 
the  ponderable  levers  which  were  employed. 

It  is  obvious  from  such  a  review  that,  while  a  few  reports  are  nega- 
tive as  regards  the  reaction  of  the  pulmonary  vessels  to  epinephrin,  a 
critical  estimate  of  the  work  leads  to  the  conclusion  that  epinephrin 
does  constrict  the  pulmonary  vessels  and  that  this  in  turn  may  be 
taken  as  supporting  evidence  of  their  nerve  control. 

S.  Reflex  vasomotor  changes.  That  the  pulmonary  vessels  possess  a 
vasomotor  control  is  indicated  by  a,  the  discovery  of  nerve  fibers  in  the 
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vessels;  6,  by  their  reaction  to  direct  nerve  stimulation;  and  c,  the  reac- 
tion of  these  vessels  to  epinephrin.  .  These  experiments  indicate  also 
that  as  compared  with  other  organs  the  vasomotor  reaction  in  mam- 
mals is  comparatively  feeble  and  readily  overpowered  by  changes  in 
the  minute  discharge  of  the  right  heart  or  by  "back-pressure  effects" 
from  the  systemic  side  of  the  circulation. 

It  is  of  distinct  physiological  interest,  therefore,  to  inquire  whether 
they  are  ever  reflexly  excited  and  whether  such  a  vascular  reaction 
plays  an  important  rdle  in  the  control  of  the  pulmonary  circulation  or 
whether,  in  the  pulmonary  as  the  cerebral  vessels,  they  are  of  ques- 
tionable significance. 

The  earlier  work  has  been  reviewed  by  Tigerstedt  (57)  and  Hill  (26). 
Plumier  in  1904  (45)  tested  the  reflex  effects  of  inhaled  ammonia  and 
formalin  vapors  on  the  pulmonary  circulation.  This  caused  a  fall  of 
pulmonary  and  aortic  arterial  pressures  probably  due,  as  Plimiier 
points  out,  to  a  reflex  cardiac  slowing.  No  indications  were  obtained 
that  the  pulmonary  vessels  were  reflexly  affected.  Weber  (62)  in 
1910  found  no  reflex  vascular  changes  as  estimated  by  changes  in  the 
lung  volume  either  from  inhalation  of  ammonia  or  by  stimulation  of 
the  sciatic  and  crural  nerves.  Excitation  of  the  central  vagus  nerve, 
however,  caused  an  increase  in  lung  volume  from  which  he  felt  justified 
in  deducing  a  reflex  pulmonary  constriction.  Passive  changes  were, 
however,  not  clearly  eliminated.  Langlois  and  Debouis  (36)  found 
that  stimulation  of  the  central  end  of  a  vagus  nerve  increased  the 
pulmonary  circulation-time  from  a  normal  value  of  7  seconds  to  9 
seconds.  Since  he  found  also  an  increase  in  pulmonary  arterial  pres- 
sure and  an  increased  right  auricular  pressure,  as  in  the  case  of  epi- 
nephrin injections,  he  concluded  that  this  gave  evidence  of  reflex  vaso- 
constriction. That  this  may  not  be  unreservedly  accepted  as  conclusive 
was  pointed  out  earlier  in  the  review. 

More  recently  Schafer  (49)  adduced  what  to  him  seemed  evidence 
that  the  pulmonary  vessels  are  tonically  constricted  and  may  be  reflexly 
dilated  by  stimulation  of  the  depressor  nerve  in  rabbits.  He  found,  in 
animals  with  vagi  previously  sectioned  (to  prevent  reflex  slowing), 
that  the  pulmonary  arterial  as  well  as  the  systemic  pressure  fell  in  the 
closed  chest  from  stimulation  of  the  depressor  nerve.  Reasoning  that 
through  dilatation  of  systemic  vessels  the  right  auricular  pressure  and 
systolic  discharge  is  probably  increased  under  these  conditions,  he 
believes  that  the  results  can  only  be  attributed  to  a  pulmonary  vaso- 
dilatation. In  the  absence  of  definite  controls  of  right  and  left  auric- 
ular pressures,  his  conclusions  must  be  accepted  guardedly. 
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In  conclusion,  the  demonstration  of  reflex  vasomotor  effects  on  the 
pulmonary  circulation  must  continue  to  be  regarded  as  probable  rather 
than  quite  certain  and  the  part  they  play  in  the  regulation  of  the  pul- 
monary blood  flow  is  left  for  further  investigations. 

THE  CHEMICAL  REGULATION  OF  THE  PULMONARY  VESSELS 

Numerous  researches  have  indicated  that  the  caliber  of  the  systemic 
vessels  can  be  affected  by  chemical  substances  derived  from  cell  metab- 
olism (e.g.,  CO2  and  lactic  acid).  The  possibility  exists  that  the 
puhnonary  vessels  may  also  be  affected  by  them  either  through  a 
peripheral  or  central  action.  Investigations  have  been  limited  largely 
to  the  effects  produced  by  asphjodation.  The  earlier  work  is  reviewed 
by  Hill  (26).  Nolf  and  Plumier  (43)  and  later  Plumier  (46)  showed 
that  both  carotid  and  pulmonary  arterial  pressures  increase  during  the 
initial  stage  of  asphyxiation  while  the  left  auricular  pressure  remains 
unchanged.  This  they  interpreted  as  evidence  of  vasoconstriction. 
They  supplemented  these  experiments  by  others  in  which  the  circula- 
tion was  limited  to  the  heart  and  lungs  and,  failing  to  obtain  a  similar 
elevation  of  pressure  in  the  pulmonary  artery,  concluded  that  CO2 
causes  this  constriction  by  central  action  alone.  Erikson  (20)  in  1907 
studied  the  reaction  of  asphyxia  after  the  vagus  nerves  had  been  cut 
and  atropin  administered  but  found  no  changes  that  could  not  be 
accounted  for  by  a  danuning  back  of  blood.  Fiihner  and  Starling  (21), 
testing  the  reaction  of  vessels  in  the  heart-lung  preparation,  always 
found  the  pressures  to  rise  in  the  pulmonary  artery,  left  and  right 
auricles,  indicating  that  these  pressure  changes  are  entirely  due  to  a 
"back-pressure  effect"  from  the  failing  left  heart.  As  asphyxia  con- 
tinues, the  right  heart  also  dilates  and  the  pressure  in  the  pulmonary 
artery  may  then  fall.  Similar  effects  were  obtained  from  inhalation  of 
CO2  when  the  O2  supply  was  maintained  adequate.  Obviously,  the 
reaction  of  the  pulmonary  vessels  to  chemical  products  of  metabolism 
requires  further  experimentation  before  any  definite  conclusions  may  be 
-reached.  Convincing  experiments  that  oxygen  excess  may  in  any 
way  affect  the  state  of  contraction  of  the  pulmonary  vessels  have  not 
been  submitted.  Retzlaff  (48),  interested  in  explaining  the  therapeutic 
benefits  of  oxygen  inhalation,  found  that  the  lungs  inclosed  in  a  plethys- 
mograph,  after  the  technic  of  Weber,  decreased  in  volume.  This  he 
attributed  to  an  active  vasoconstriction  which  squeezes  blood  from  the 
lungs.  As  the  puhnonary  arterial  pressure  showed  no  alteration  and 
the  systemic  arterial  pressure  often  showed  a  decline,  it  required  a 
fanciful  explanation  on  the  part  of  the  author  to  harmonize  the  results. 
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THE  CARDIAC  REGULATION  OF  THE  PULMONARY  CIRCULATION 

While  the  nervous  and  chemical  control  of  the  pulmonary  vessels 
undoubtedly  plays  an  important,  if  not  as  yet  fully  understood  part  in 
the  distribution  and  flow  of  blood  in  the  limgs,  it  is  obvious  that  the 
total  volumes  of  blood  contained  in  the  pulmonary  vessels  must  be 
governed  by  the  relative  discharges  of  the  two  sides  of  the  heart. 
Whenever,  therefore,  the  systolic  discharge  of  the  right  heart  exceeds 
that  of  the  left — to  may  conceivably  happen  either  when  the  systemic 
venous  inflow  increases  or  the  systemic  arterial  resistance  is  greatly 
raised — ^intense  pulmonary  congestion  must  inevitably  occur  unless 
compensatory  mechanisms  are  set  in  operation.  With  the  pulmonary 
volume  so  intimately  dependent  on  the  relative  discharges  by  the  two 
sides  of  the  heart  it  is  wonderful  as  Henderson  and  Prince  (25)  remark 
"not  that  pulmonary  congestion  sometimes  occurs  but  rather  that  it  is 
not  commonly  caused.''    "It  is  stiU  more  remarkable,  that  a  condition 

of  pulmonary  depletion is  unknown  either  to  physiology  or 

to  clinical  medicine." 

It  is,  therefore,  important  to  analyze  the  possible  compensatory 
mechanisms  which  prevent  too  great  a  deviation  of  pulmonary  blood 
volumes  from  the  normal.  Henderson  and  Prince  (25)  have  reported 
observations  which  help  to  explain  why  excessive  pulmonary  arterial 
pressures  and  intense  active  congestion  are  prevented  when  the  syBtolic 
discharge  of  the  right  heart  is  augmented.  In  a  heart  so  perfused  that 
the  diastoUc  volumes  and  systolic  discharge  of  the  two  ventricles  could 
be  separately  stu(Jied,  they  found  that  the  left  ventricle  has  a  much 
greater  power  of  responding  to  increased  venous  pressure  than  the 
right.  By  virtue  of  this  mechanism  they  believe  that  pulmonary 
blood  volumes  are  maintained  at  nearly  a  constant  level,  and  in  the 
following  manner: 

"Whenever  any  condition  increases  the  volume  of  blood  pumped  into  the  pul- 
monary vesseb  by  the  right  heart,  the  rise  of  pressure  in  the  pulmonary  veins 
stimulates  the  left  ventricle  to  larger  strokes.  So  long  as  the  left  heart  is  capable 
of  responding  to  even  a  moderate  rise  of  the  diastolic  distending  pressure  by  re- 
laxations and  contractipns  larger  than  any  of  which  the  right  heart  is  capable, 
pulmonary  congestion  is  effectively  guarded  against.  In  this  respect  the  left 
heart  acts  somewhat  like  a  dam  of  moderate  height  across  the  outlet  from  a  reser- 
voir. The  pressure  and  volume  can  go  no  higher  than  its  top.  It  is  only  when 
an  abnormally  great  pressure  is  involved  in  the  distention  of  the  left  heart,  as  the 
result  of  injured  valves  or  excessive  tonus,  that  the  top  of  the  dam  is  so  far  raised 
as  to  produce  pulmonary  congestion.  On  the  other  hand,  whenever  the  output  of 
the  right  heart  is  in  any  way  considerably  decreased,  the  left  ventricle  responds 
to  the  lower  pressure  in  the  pulmonary  veins  by  a  more  than  proportionally  de- 
creased stroke.    Thus,  the  lungs  are  never  drained  of  their  blood." 
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The  numerous  direct  observations  as  to  efifects  of  changing  systolic 
volumes  discharged  by  the  right  heart  or  pulmonary  pressure  lung 
volumes,  etc.,  already  analyzed  (page  250)  indicate  clearly  that,  if  such 
a  mechanism  operates  in  the  intact  circulation,  it  is  not  adequate  to 
prevent  pulmonary  congestion  entirely.  Straub  (54)  in  recent  experi- 
ments found  that  the  initial  and  maximum  pressures  in  the  left  ven- 
tricle remain  unchanged  under  such  conditions,  which  would  indicate  a 
railure  of  the  left  heart  to  react  in  the  maimer  indicated  by  Henderson 
md  Prince.  Personal  observations  (76)  tend  to  confirm  the  idea  that 
■  '  such  cases  the  left  ventricle  does  respond  in  a  compensatory  manner 
t',  relieve  the  pulmonary  circuit  of  an  excess  of  blood  by  virtue  of  a 
hsj^er  systolic  discharge.  Contrary  to  Straub,  I  have  found  both 
iMt  al  and  maximal  pressures  to  increase  promptly  in  the  left  ventricle 
w}]*'i  the  systemic  venous  return  increases. 

Considering  all  the  evidence  we  must  conclude  that  a  certain  degree 
Oi'  act  ive  pulmonary  congestion  and  a  definite  increase  in  pulmonary 
^  V  ti  U  pressure  must  necessarily  follow  an  augmented  systolic  dis- 
*  harg  •  of  the  right  ventricle.  Indeed,  it  is  not  until  the  pulmonary 
\'  1  >n<  [)ressure  and  blood  volume  are  augmented  in  this  way  that  the 
.Pw^.L!  tension  and  systolic  discharge  of  the  left  ventricle  increases. 
iKu\-  &ci  into  operation,  this  mechanism  tends  to  prevent  pulmonary 
engoi^ement  from  becoming  excessive,  but  it  is  never  able  to  reduce 
the  pulmonary  volumes  or  pressures  back  to  normal. 

Whenever  the  left  ventricle  is  compelled  to  expel  its  blood  against  a 
very  high  arterial  resistance,  the  systolic  discharge  is  less  complete. 
We  may  examine  into  the  reasons  why  this  does  not  necessarily  pro- 
duce an  intense  passive  congestion  of  the  pulmonary  veins  and  also  a 
passive  increase  in  the  pulmonary  arterial  pressures.  The  experi- 
ments of  Straub  (54)  led  him  to  postulate  the  following  sequence  of 
events  when  the  left  ventricle  contracts  against  augmented  arterial 
resistance: — When  the  left  -heart  is  incapable  of  expelling  its  normal 
quantity  of  blood,  a  considerable  quantity  is  accommodated  by  the 
diastolic  distention  of  the  left  ventricle  itself.  This  causes,  at  once,  an 
increase  in  initial  tension  by  virtue  of  which  the  pressure-maximum  is 
increased  and  the  systolic  discharge  restored  to  normal.  Aside  from 
a  very  insignificant  increase  in  pulmonary  blood  volume,  the  lung 
circuits  remain  entirely  unaffected.  If  the  ventricular  dilatation 
becomes  so  marked  that  normal  volumes  can  no  longer  be  expelled, 
pulmonary  venous  congestion  supervenes.  Even  so,  pulmonary  arterial 
pressure  may  remain  imaffected;  indeed,  Straub's  results  indicate  that 
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in  some  cases  the  maximum  pressure  in  the  right  ventricle  may  be 
reduced.  It  is  not  impossible  in  such  cases,  as  Henderson  and  Prince 
(25)  suggest,  that  the  interventricular  septum  may  be  crowded  to  the 
right,  thereby  diminishing  the  iSlling  and  as  a  result  the  systolic  dis- 
charge of  the  right  heart.  In  other  words,  a  "back-pressure  effect"  is 
prevented  by  the  simultaneous  operation  of  two  factors — the  improved 
working  capacity  of  the  left  ventricle  and  the  mechanical  reduction  in 
the  discharge  of  the  right. 

We  may  suppose  that,  whenever  "back-pressure  effects"  do  occur — 
as  apparently  is  frequently  the  case  under  experimental  conditions 
reported  in  the  literature  (cf.  page  256),  these  compensating  mechan- 
isms are  not  able  to  entirely  prevent  the  operation  of  the  primary 
influences  tending  to  prevent  intense  pulmonary  congestion. 

BIBLIOGRAPHY 

(1)  AiRiLA,  Y.    Skand.  Arch.  f.  Physiol.,  1914,  xxxi,  392. 

(2)  Anderes,  E.,  and  Cloetta,  M.    Arch.  f.  exper.  Path.  u.  Phann.,  1916, 

Ixxix,  291,  301. 

(3)  Barbour,  H.  G.    Arch.  f.  exper.  Path.  u.  Phann.,  1912,  Ixvii,  41. 

(4)  Beresin,  W.  J.    Arch.  f.  d.  gesammt.  Physiol.,  1914,  clviii,  219. 

(5)  Bradford,  J.  R.,  and  Dean,  H.  P.    Joum.  Physiol.,  1894,  xvi,  294. 

(6)  Brodie,  T.  G.,  and  Dixon,  W.  E.    Joum.  Physiol.,  1904,  xxx,  476. 

(7)  Campbell,  J.  A.    Quart.  Joum.  Exper.  Physiol.,  1911,  iv,  1. 

(8)  Carlson,  A.  J.,  and  Luckhardt,  A.  B.    Amer.  Joum.  Physiol.,  1921,  Proc. 

of  Physiol.  Soc,  Iv. 

(9)  Cloetta,  M.    Arch.  f.  exper.  Path.  u.  Pharm.,  1910,  Ixiii,  147. 

(10)  Cloetta,  M.    Arch.  f.  exper.  Path.  u.  Pharm.,  1911,  Ixvi,  409. 

(11)  Cloetta,  M.    Arch.  f.  exper.  Path.  u.  Phann.,  1912,  Ixx,  407. 

(12)  Cloetta,  M.,  and  Anderes,  E.    Arch.  f.  exper.  Path.  u.  Pharm.,  1914,  Ixxvi, 

125. 

(13)  Cloetta,  M.,  and  Anderes,  E.    Arch.  f.  exper.  Path.  u.  Pharm.,  1914, 

Ixxvii,  251. 

(14)  Cloetta,  M.,  and  Staubli,  C.    Arch.  f.  exper.  Path.  u.  Pharm.,  1919, 

Ixxxiv,  317. 

(15)  Cow,  M.  A.    Joum.  Physiol.,  1911,  xlii,  125. 

(16)  Dixon,  W.  E.,  and  Ransom,  F.    Joum.  Pharm.  Exper.  Therap.,  1913-14, 

V,  539. 

(17)  Ebert,  W.    Arch.  f.  exper.  Path.  u.  Pharm.,  1914,  Ixxv,  391. 

(18)  Edmunds,  C.  W.    Amer.  Journ.  Physiol.,  1907,  xviii,  129. 

(19)  Elliot,  T.  R.    Journ.  Physiol.,  1905,  xxxii,  466. 

(20)  Erikson,  E.    Skand.  Arch.  f.  Physiol.,  1907,  xix,  46. 

(21)  FChner,  H.,  and  Starling,  E.  H.    Joum.  Physiol.,  1913,  xlvii,  286. 

(22)  Gerhardt,  D.    Zeitschr.  f.  klin.  Med.,  1904,  Ivi,  195;  Arch.  f.  exper.  Path. 

u.  Pharm.,  1918,  Ixxxii,  122. 

(23)  Hallion,  L.,  and  Nepper,  H.     Journ.  physiol.  et  path,  gen.,  1911,  xiii,  887. 


Digitized  by 


Google 


REGULATION   OF  PULMONARY  CIRCULATION  267 

(24)  Henderson,  Y.    Amer.  Journ.  Physiol.,  1906,  xvi,  325;  1909,  xxiii,  346; 

1913,  xxxi,  288,  352. 

(25)  Henderson,  Y.,  and  Prince,  A.  L.    Heart,  1914,  v,  217. 

(26)  Hill,  L.     Schafer's  Textbook  of  physiology,  1900,  ii,  148. 

(27)  DB  Jaoer,  S.    Arch.  f.  d.  gesammt.  Physiol.,  1879,  xx,  491. 

(28)  Jackson,  D.  E.    Journ,  Pharm.  Exper.  Therap.,  1912-13,  iv,  1. 

(29)  Karsner,  H.  T.    Journ.  Exper.  Med.,  1911,  xiv,  324. 

(30)  Kraus,  F.    Zeitschr.  f.  Pharm.  Exper.  Therap.,  1913,  xiv,  402. 

(31)  Krogh,  a.    Zentralbl.  f.  Physiol.,  1907,  xx,  802;  Skand.  Arch.  f.  Physiol., 

1910,  xxiii,  206. 

(32)  Krogh,  A.    Skand.  Arch.  f.  Physiol.,  1912,  xxvii,  126,  127. 

(33)  KuNO.  Y.    Journ.  Physiol.,  1915,  1,  17,  140. 

(34)  KuNO,  Y.    Journ.  Physiol.,  1917,  li,  154. 

(36)  Lanoendorfp,  0.    Zentralbl.  f.  Physiol.,  1907,  xxi,  557. 

(36)  Langlois,  p.,  and  Desbouis,  G.    Journ.  physiol.  et  path,  gen.,  1912,  xiv, 

282. 

(37)  Larsell,  O.    Personal  communication — to  be  published  in  Journ.  Compar. 

Anat. 

(38)  Lewis,  T.    Journ.  Physiol.,  1908,  xxxvii,  238. 

(39)  Macht,  D.  I.    Journ.  Pharm.  Exper.  Therap.,  1914-15,  vi,  13. 

(40)  Menicanti,  G.    Zeitschr.  f.  Biol.,  1894,  xxx,  443.  • 

(41)  Meyer,  O.  B.    Zeitschr.  f.  Biol.,  1906,  xlviii,  381. 

(42)  MoDRAKOwsKi,  G.    Arch.  f.  d.  gesammt.  Physiol.,  1914,  clviii,  509,  527. 

(43)  NoLF,  P.,  AND  Plumier,  L.    Compt.  rend.  Soc.  de  biol.,  1906,  Ix,  282. 

(44)  Petitjean,  G.    Journ.  physiol.  et  path,  gen.,  1908,  x,  401. 

(45)  Plumier,  L.    Arch,  intemat.  de  physiol.,  1904,  i,  35, 176. 

(46)  Plumier,  L.    Journ.  physiol.  et  path,  gen.,  1904,  vi,  655;  1905,  vii,  13,  484. 

(47)  Plumier,  L.    Compt.  rend.  Soc.  dje  biol.,  1906,  Ix,  282. 

(48)  Retzlaff,  K.    Zeitschr.  f.  exper.  Path.  u.  Therap.,  1913,  xiv,  391. 

(49)  Schafer,  E.  S.    Quart.  Journ.  Exper.  Physiol.,  1919,  xii,  133,  157,  373,  395. 

(50)  SociN,  C.     Arch.  f.  d.  gesanmit.  Physiol.,  1914,  clx,  132. 

(51)  Spehl,  p.,  AND  Desquin,  E.    Arch.  ital.  de  biol.,  1909,  li,  23. 

(52)  Starling,  E.  H.,  and  collaborators.    Journ.  Physiol.,  1912,  xliv,  206; 

1913,  xlvii,  275;  1914,  xlviii,  348,  357,  465. 

(53)  Stewart,  G.  N.    Journ.  Physiol.,  1894,  xv,  1,  465. 

(54)  Straub,  H.    Deutsch.  Arch.  f.  klin.  Med.,  1914,  cxv,  531;  1914,  cxvi,  429. 

(55)  Straub,  H.    Deutsch.  Arch.  f.  klin.  Med.,  1914,  cxvi,  409. 

(56)  Straub,  H.    Deutsch.  Arch.  f.  klin.  Med.,  1917,  cxxi,  394. 

(57)  Tigerstedt,  R.    Ergebn.  d.  Physiol.,  1903,  ii,  528. 

(58)  Tigerstedt,  R.    Skand.  Arch.  f.  Physiol.,  1907,  xix,  I,  232. 

(59)  Tigerstedt,  C.    Skand.  Arch.  f.  Physiol.,  1909,  xxii,  115. 

(60)  Tribe,  E.  M.    Journ.  Physiol.,  1914,  xlviii,  154. 

(61)  Velich,    Wien.  med.  Wochenschr.,  1898. 

(62)  Weber,  E.  .Arch.  f.  Physiol.,  1910,  Suppl.  Bd.  377. 

(63)  Weber,  E.    Arch.  f.  Physiol.,  1912,  383. 

(64)  Weber,  E.    Arch.  f.  Physiol.,  1914,  63;  1914,  533. 

(65)  Welch,  W.  H.    Arch.  f.  path.  Anat.  u.  Physiol.,  1873,  Ixxiii,  375. 

(66)  WiGGERS,  C.  J.    Amer.  Journ.  Physiol.,  19 ;7,  xx,  2C6. 


Digitized  by 


Google 


268 


CARL  J.   WIGGERS 


(67)  WlOOERS,  C.  J. 

(68)  WlOGBBS,  C.  J. 
(60)  WlQOERS,  C.  J. 

XXXV,  124. 

(70)  WlQGERS,  C.  J. 

1914,  xix, 

(71)  WlQGERS,  C.  J. 

(72)  WiGOBRS,  C.  J. 

(73)  WiooBRs,  C.  J. 

C74)  WiGGERS,  C.  J. 
(75)  WiGGERS,  C.  J. 
C76)  WiGGERS,  C.  J. 

(77)  WiGGERS,  C.  J. 

(78)  WiGGERS,  C.  J. 


Amer.  Joum.  Physiol.,  1908,  xxiii,  23. 

Joum.  Pharm.  Exper.  Therap.,  1909,  i,  341. 

Amer.  Joum.  Physiol.,  1912,  xxx,  233;  1914,  xxxiii,  1;  1914, 

Amer.  Joum.  Physiol.,  1914,  xxxiii,  13;  Joum.  Exper.  Med.. 
1. 

Arch.  Int.  Med.,  1909,  iii.  360. 

Circulation  in  health  and  disease,  1915,  87. 

Harvey  lecture,  December  11, 1920. 

Amer.  Joum.  Physiol.,  1914,  xxxiii,  391;  1914,  xxxv,  137. 

Amer.  Joum.  Physiol.,  1918,  xlv,  493. 

Proc.  Soc.  Exper.  Biol,  and  Med.  (in  press). 

Arch.  Int.  Med.,  1919,  xxiv,  471. 
,  Eberlt  and  Wekner:  Joum.  Exper.  Med.,  1912,  xv,  17 i. 


Digitized  by 


Google 


CONTRIBUTIONS  OF  THE  WAR  TO  THE  PHYSIOLOGY  OF 
THE  NERVOUS  SYSTEM 

GILBERT  HORRAX 
Peter  Bent  Brigkam  Hospital  and  Harvard  Medical  School,  Boston 

It  is  not  essential  in  this  discussion  by  way  of  introduction  to  do 
more  than  roughly  outUne  the  general  methods,  during  the  progress 
of  the  recent  war,  by  which  contributions  to  this  branch  of  physiology 
were  achieved.  The  war  created  a  vast,  and  yet  extremely  haphazard 
experimental  laboratory  in  which  lesions  of  the  human  central  and 
peripheral  nervous  systems  were  inflicted  at  almost  every  conceivable 
point.  Such  patients  as  smrived  formed  material  for  the  study  of  any 
defects  which  existed  in  their  nervous  mechanism  as  the  result  of  a 
lesion,  the  location  of  which  in  a  large  number  of  instances  was  exactly 
known.  In  this  respect,  then,  we  are  dealing  with  a  weU-recognized 
method,  which  has  heretofore  been  carried  out  experimentally  upon 
animals,  now  applied  through  the  agency  of  war  to  human  beings. 

In  general,  we  may  divide  the  injuries  of  the  nervous  system  into  two 
great  classes;  first,  those  due  to  direct  lesions  by  missiles  of  war,  and 
secondly,  those  due  to  indirect  lesions  from  concussion  or  shell  explosion. 
This  review  will  deal  with  the  contributions  to  physiology  which  were 
made  as  a  result  of  the  first  class  of  cases.  For  this  purpose  the  sub- 
jects will  be  taken  up  imder  the  general  headings  of  1,  Cerebrum; 
£,  Cerebellum;  5,  Spinal  Cord;  4>  Peripheral  Nerves;  and  5,  Sympa- 
thetic System. 

It  may  be  said  at  this  point,  that  by  far  the  greatest  number  and 
without  question  the  most  important  contributions  to  the  physiology 
of  the  nervous  system  during  and  because  of  the  war,  were  made  by 
French  and  British  writers.  There  is  a  fair  amount  of  Italian  and 
German  Uterature  on  this  subject,  while  the  American  articles  are 
meager,  except  in  the  field  of  the  peripheral  nerves.  So  far  as  the 
writer  has  had  access  to  the  German  articles,  they  seem  largely  confirm- 
atory of  the  work  done  in  France  and  England. 
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CEREBRUM 

Regarding  the  early  general  symptoms  common  to  almost  all  her' 
injuries,  little  need  be  said.    Chatelin  (1)  has  smnmed  these  up  tersr 
at  the  beginning  of  his  book.     They  consist  for  the  most  part  in  hei.i- 
ache  and  dizziness,  to  which  may  be  added  such  disturbances  as  insoni- 
nia,  changes  in  character,  defective  memory  and  fatigue  after  F^i^I  . 
mental  effort.     In  a  similar  manner  Dubois  (2)  has  recorded  tho  'nt - 
symptoms  of  this  generalized  type  from  which  so  many  patient^  v^i  ' 
head  wounds  suffer,  irrespective  of  the  location  of  the  lesion.     In  a^.i 
tion  to  the  possible  presence  of  all  the  early  symptoms,  many  *•  \  i 
disturbances  are  likely  to  appear  such  as  very  indefinite  sensory  1 1 .  •. .  ;!;    . 
marked  asthenia,  difficulty  in  attention,  memory  fixation,  1    '<:  ;k>- 
tivity,  irritability,  instability  of  pulse,  febrile  exacerbations,  oin:  *\./  >  \ 
and  even  modifications  of  the  cerebro-spinal  fluid.     Lericl.^     J     -i: . 
devoted  an  article  to  what  he  calls  the  ''headache  of  hyp(  •  t^ 
patients  having  an  old  trephine  defect  in  their  skulls,  whil    om>h  ..  ■.     i 
(4)  has  paid  special  attention  to  the  amnesia  of  trauma' i      .;ji)       V 
very  interesting  observation  concerning  generalized  traun  j  o!  {'-.     h  .t^- 
bnmi  is  that  of  Foa  (5).    This  writer  records  a  case  of  fatal  li:  p^    '  t  »'- 
mia,   following  great   compression   of   the   left   cerebral  hemisphere- 
Nothing  was  found  at  post-mqrtem  to  account  for  the  condition.    This 
agrees  with  certain  clinical  experiences  in  the  surgery  of  the  brain 
where,  after  an  operative  exploration,  usually  of  the  posterior  cranial 
fossa,  but  sometimes  elsewhere,  the  patient  may  die  within  24  hours 
with  an  excessive  temperature  elevation, — in  children  sometimes  up  to 
108°  or  109°  F.    In  these  patients  perfect  consciousness  may  be  retained 
up  to  the  very  terminal  stage. 

a.  Motor  area.  This  region,  already  so  well  recognized,  and  more 
carefully  worked  out  than  any  other  separate  brain  area,  was  never- 
theless made  the  subject  of  much  further  study.  One  of  the  first  things 
noted  and  dwelt  upon  by  authors  was  the  fact  that  lesions  near  the 
precentral  gyrus,  but  not  actually  involving  it,  might  give  a  total,  but 
temporary  hemiplegia  of  the  opposite  side,  probably  due  to  the  con- 
comitant edema  around  the  wound.  Such  paralyses,  though  absolutely 
complete  at  first,  would  almost  invariably  recover  normal  function,  pro- 
vided no  actual  destruction  of  the  Rolandic  zone  by  the  missile  itself 
had  taken  place.  No  distinctly  new  data  have  been  recorded  relative 
to  the  physiology  of  the  motor  cort<ix.  Mme.  Benisty  (6)  produced  a 
monograph  of  careful  studies  in  which  she  confirmed  the  previous  find- 
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ings,  namely,  that  the  motor  zone  comprehends  1,  the  ascending  frontal 
convolution  (precentral  gyrus),  and  j^,  the  posterior  insertions  of  the 
first,  second  and  third  frontal  convolutions. 

6.  Sensory  area.  Concerning  the  zone  of  cortex,  supposedly  having 
to  do  with  sensory  impressions,  and  now  fairly  generally  conceded  to 
lie  in  the  region  posterior  to  the  fissure  of  Rolando,  certain  very  definite 
contributions  have  been  offered. 

Mme.  Benisty,  in  the  work  referred  to,  came  to  the  following  conclu- 
sions as  a  result  of  her  studies.  She  maintained  that  the  sensory  zone 
comprehends  the  ascending  parietal  and  the  superior  parietal  convo- 
lutions, the  supramarginal  gyrus,  the  angular  gyru3  and  perhaps  the 
posterior  part  of  the  first  and  second  temporal  convolutions.  The 
ascending  parietal  she  believed  to  subserve  particularly  the  limbs,  the 
rest  of  the  parietal  lobe  to  subserve  the  sensibility  of  the  whole  oppo- 
site side  of  the  body.  Lesions  of  this  latter  portion  gave  general  hemi- 
hypoesthesia,  while  lesions  of  the  ascending  parietal  gave  sensory 
troubles  disposed  in  longitudinal  bands  occupying  the  terminal  extremi- 
ties of  the  limbs.  The  sensory-motor  zone  for  the  hand  she  believed  to 
have  two  secondary  centers,  one  for  the  internal  or  volar  surface,  and 
the  other  for  the  external  or  radial  surface.  For  the  foot  a  single  center 
only  could  be  defined.  Orientation  in  space  was  dependent  upon  the 
integrity  of  the  parietal  lobe.  Loss  of  the  sense  of  attitude  was 
especially  related  to  the  gyrus  supra-marginals. 

Roussy  and  Branche  (7)  reported  some  interesting  studies  which  have 
been  confirmed  by  other  writers  concerning  a  syndrome  of  sensitivity 
in  one  hand  following  a  lesion  in  the  cortex  of  the  opposite  side  of  the 
brain.  In  both  their  cases  the  lesions  were  smaU,  discrete  wounds, 
limited  to  the  parietal  lobe.  In  these  patients  the  sensory  findings 
were  confined  to  the  hand  and  consisted  in  tactile  anesthesia,  painful 
and  thermic  hypoesthesia,  loss  of  the  sense  of  position  of  the  fingers, 
astereognosis  and  loss  of  osseous  sense.  To  this  syndrome  the  authors 
have  given  the  name  "La  main  sensitif  corticale."  They  confirmed  the 
work  of  Head  and  Holmes  in  distinguishing  between  cortical  and  tha- 
lamic lesions,  in  so  far  ens  the  former  were  characterized  by  the  varia- 
bility of  the  results  obtained  following  moments  of  inattention  and 
lack  of  judgment,  and  by  the  rapid  fatigue  of  the  patients. 

Guthrie  (8)  raised  the  question  of  a  trophic  center  in  the  post-central 
region.  This  was  based  on  the  finding  of  slight  musuclar  atrophy  fol- 
lowing wounds  of  this  area,  a  short  while  after  their  reception.  In  the 
months  following,  the  patients  were  affected  with  various  nutritive 
troubles. 
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The  most  exhaustive  study  of  sensation  and  the  cerebral  cortex  was 
made  by  Henry  Head  (9)  and  published  in  1918.  This  work  was  based 
upon  observations  of  twenty-one  cases  of  cerebral  injury,  most  of  the 
lesions  being  superficial,  without  penetration  of  the  cortex.  Many  of 
the  patients  were  officers.  The  author  employed  a  series  of  well-defined 
tests,  and  took  graphic  records  of  each  case.  These  tests  included  a, 
appreciation  of  spatial  relations,  such  as  passive  measured  movements, 
compass  test,  and  localization;  6,  appreciation  of  graduated  response, 
by  the  use  of  tactile  hairs,  heat  and  cold  and  pin  prick;  and  c,  appre- 
ciation of  similitudes  and  differences  of  weight,  form  and  texture. 

The  first  sign  that  sensation  was  affected  in  consequence  of  a  cortical 
lesion  was  a  statement  by  the  patient  himself  that  the  tests  were  less 
easy  in  the  affected  hand.  The  method  of  investigation  showed  that  the 
sensory  activity  of  the  cortex  was  not  associated  with  the  crude  recog- 
nition of  touch,  pain  and  temperature,  but  rather  endowed  sensation 
with  discriminating  faculties.  These  could  be  divided  into  three 
categories,  namely,  recognition  of  spatial  relations,  graduated  response 
to  stimuli  of  different  intensity,  and  appreciation  of  similarity  and 
difference  in  external  objects  brought  into  contact  with  the  external 
surface  of  the  body.  These  three  aspects  of  sensation  could  be  dis- 
tributed independently  of  one  another  in  consequence  of  cortical 
lesions.  The  passive  movement  test  and  the  tactile  hair  test  were  the 
most  deficient  in  cases  of  cortical  lesions.  The  faculty  of  recognition  of 
similarity  and  difference  could  be  distributed  and  conserved  independ- 
ently. The  chief  characteristic  of  cortical  lesions  was  the  irregularity 
of  the  response. 

Subcortical  lesions  were  characterized  by  the  facility  of  obtaining  a 
threshold,  the  regularity  of  the  responses,  and  the  different  grouping  of 
the  dissociated  sensibilities.  The  optic  thalamus  was  apparently  the 
seat  of  those  physical  processes  which  imderlie  crude  sensations  of  con- 
tact,— pain,  heat  and  cold,  together  with  the  feeling  tone  they  evoke. 
Thus  the  sensory  activity  of  the  cortex  was  foimd  to  be  essentially 
discriminative  in  its  nature. 

c.  Frontal  lobes.  Up  to  the  present  time  it  hjBS  been  well  known  that 
there  is  no  specific  syndrome  referable  to  the  fimction  of  the  frontal 
convolutions.  They  have  always  been  assumed  to  be  the  abode  of  the 
higher  fimctions  of  mentality  and  of  intellect,  but  the  exact  information 
obtained  has  often  been  conflicting  and  largely  based  on  the  finding  of 
timiors  in  this  region,  which  may  have  had  pressure  influences  upon 
other  parts  of  the  brain  as  well.    Even  after  a  study  of  gunshot  injuries 
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Umited  to  the  frontal  lobes  proper,  Chatelin  concluded  as  follows: 
"One  can  say  without  exaggeration,  that  up  to  the  present  there  is  no 
symptomatology  proper  of  the  frontal  lobes." 

Notwithstanding  this  authoritative  and  comprehensive  statement, 
there  have  been  one  or  two  extremely  careful  studies  which  ascribe 
definite  clinical  syndromes  to  lesions  of  tins  brain  area.  Marie  and 
Behague  (10)  described  a  clinical  picture  of  "disorientation  in  space'' 
associated  with  deep  frontal  lesions.  The  authors  gave  detailed  obser- 
vations upon  a  series^  of  twelve  patients.  Their  tests  were  controlled  by 
observations  upon  patients  with  wounds  of  the  parietal,  occipital  and 
other  areas,  and  such  patients  never  made  the  same  mistakes  as  those 
woimded  deep  in  the  frontal  region.  There  was  no  question  of  any 
cerebellar  involvement  in  any  of  the  cases,  and  all  tests  of  cerebellar 
function  were  normal.  In  brief,  these  authors  foimd  that  patients  having 
isolated,  deep  woimds  of  the  frontal  lobes,  either  right  or  left,  showed 
disorientation  in  space  confined  to  an  inability  to  tell  direction.  No 
trouble  in  telling  depth,  nor  in  duration  of  time  was  ever  noted.  The 
typical  case  was  a  man  who  could  not  find  his  way  aroimd  a  room,  or 
several  rooms,  with  which  he  had  become  thoroughly  familiar.  He 
had  to  be  shown  the  way  back  to  his  room  every  day  if  taken  out  of  it. 
Another  patient  got  lost  in  a  small  section  of  Paris  with  which  he  was 
quite  familiar. 

Another  interesting  manifestation  of  frontal  lobe  injury  was  that 
described  by  d'Oelnitz  and  Comil  (11).  These  authors  laid  stress 
upon  psychic  disturbances  of  a  particular  kind — a  state  of  apathy, 
associated  with  constant  and  abnormal  gaiety,  to  which  they  applied  the 
term  "discordant  euphoria."  In  additiop  they  noted  many  times  in 
cases  of  frontal  lobe  abscess,  a  pupillary  myosis  on  the  side  of  the 
lesion,  and  believed  this  to  be  quite  a  characteristic  sign  of  compression 
of  the  frontal  lobe. 

d.  Aphasia.  By  far  the  most  important  and  perhaps  the  only  thor- 
oughgoing study  of  the  localization  of  the  various  speech  centers  was 
made  by  Marie  and  Foix  (12)  in  1917.  Their  contribution  was  based 
on  a  large  series  of  cases  which  were  observed  over  periods  of  time 
ranging  in  many  instances  from  a  few  days  to  six  months  or  a  year. 
They  were  thus  able  to  compare  the  acute  disturbances  with  those  which 
remained  as  permanent,  after  a  sufficient  time  for  maximum  recovera- 
bility.  Their  method  of  projecting  the  woimd  of  the  skull  upon  the 
exact  portion  of  imderlying  brain  was  according  to  the  scheme  of 
cranio-cerebral  topography  published  by  Marie  and  Bertrand  in  1916. 

PBTUOLOQICAI.  MYIEWS,  VOL.  1,  NO.  2 
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(Compte  rendus  de  la  Societe  de  Neurologie.)  By  this  means  an  approxi- 
mation within  an  error  of  5  to  6  mm.  was  claimed  to  be  possible,  as 
proved  by  the  cases  verified  at  that  time. 

The  authors  first  divided  speech  difficulties  into  two  groups,  the 
"syndromes  anarthriques"  and  the  "syndromes  aphasiques  propre- 
ment  dites."  The  former  applied  to  the  various  types  of  difficulty  in 
speaking  itself,  from  an  absolute  inability  to  articulate  to  the  different 
grades  of  dysarthria,  slowness  and  scansion  of  speech.  The  second  group 
concerned  itself  with  what  the  writers  considered  aphasia  proper,  i.e., 
loss  of  vocabulary,  comprehension  of  speech,  reading,  writing  and  cal- 
culating, and  also  such  allied  difficulties  as  apraxia. 

As  a  preliminary  procedure,  the  whole  area  of  the  left  hemisphere 
which,  it  was  foimd,  might  be  involved  in  any  speech  difficulty,  was 
mapped  out.  In  this  area  two  very  distinct  zones  were  found  to  exist, 
an  anterior,  concerned  with  difficulty  in  speaking  itself  (syndromes 
anarthriques)  and  a  posterior,  concerned  with  aphasia  proper,  (syn- 
dromes aphasiques  proprement  dites).  The  anterior  zone  included  the 
inferior  portion  of  the  ascending  frontal  convolution  (precentral  gyrus) 
and  the  adjoining  posterior  portions  of  the  second  and  third  frontal 
convolutions.  The  posterior  zone  was  again  subdivided  into  three 
parts  as  follows:  1,  zone  of  the  two  upper  temporal  convolutions; 
^,  zone  of  the  supra-marginal  gyrus,  and  S,  zone  of  the  angular  gyrus. 
Lesions  of  each  of  these  three  zones  gave  special  aphasic  syndromes. 
Between  the  two  main  zones  (anterior  and  posterior),  there  was  an  area, 
deep  lesions  of  which  gave  rise  to  a  total  aphasia  (aphasia  globale), 
which  was  anarthria  plus  aphasia  proper. 

Concerning  the  anarthric  syndromes,  it  was  found  that  the  brain  area 
involved  included  not  only  the  inferior  portion  of  the  precentral  gyrus, 
and  the  posterior  portions  of  the  two  lower  frontal  convolutions,  but 
deeply  inward  it  involved  the  insula  and  the  lenticular  nucleus.  It  was 
impossible  to  say  whether  the  superficial  or  deep  portions  played  the 
principal  rdle,  but  it  was  evident  that  the  third  left  frontal  convolution 
did  not  play  an  essential  part  in  the  function  of  language. 

Lesions  of  the  anarthric  area,  studied  before  any  recovery  had  begun 
to  take  place,  and  therefore  presumably  involving  a  large  portion  of  the 
zone,  gave  rise  to  the  following  syndrome:  inability  to  speak  at  all,  or 
if  not  absolute  inability,  speech  confined  to  one  or  two  monosyllables; 
inability  to  read  even  the  simplest  commands,  though  if  these  com- 
mands were  spoken  to  the  patient  they  were  carried  out  correctly,  thus 
showing  conservation  of  the  comprehension  of  speech;  ability  to  write, 
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though  very  slowly  and  with  diflSculty;  ability  to  calculate  to  slight 
extent,  but  not  beyond  two  figures. 

Lesions  of  the  anarthric  zone,  studied  after  maximum  recovery  had 
taken  place,  the  residual  lesion  therefore  presimiably  confined  to  a 
certain  small  portion  of  the  zone,  showed  the  following: 

a.  Lesions  of  the  anterior  portion  of  the  zone  tended  to  almost 
complete  recovery. 

b.  Lesions  of  the  posterior  portion  of  the  zone  gave  a  residuum  of 
well-marked  dysarthria,  with  slight  traces  of  aphasic  symptoms. 

c.  Lesions  of  the  upper  portion  of  the  zone  gave  a  residuum  of 
slowness  and  scansion  of  speech,  with  slow  ideation. 

Concerning  the  syndromes  of  aphasia  proper  due  to  lesions  of  the 
three  subdivisions  of  the  posterior  area  of  speech  disturbance,  these 
studies  showed  the  following: 

L  Zone  of  the  two  upper  temporal  convolutions.  These  lesions  gave 
rise  to  an  inabiUty  to  name  objects  (anomia).  Comprehension  of 
speech,  reading,  writing  and  calculating  were  greatly  affected.  Intelli- 
gence was  diminished. 

2.  Zone  of  the  supra-marginal  gyrus.  Lesions  of  this  zone  gave  rise 
to  a  general  aphasia  in  which  anarthria  and  aphasia  proper  were  asso- 
ciated. All  the  elements  of  speech  were  affected.  There  was  often 
a  bilateral  apraxia. 

3.  Zone  of  the  angular  gyrus.  In  lesions  of  this  zone  there  was  a 
predominance  of  alexia.  Ability  to  write  was  intact.  Comprehension 
of  speech,  ability  to  calculate  and  to  name  objects  were  considerably 
affected. 

The  other  important  study  of  the  aphasias,  as  a  result  of  war  wounds, 
was  that  recently  published  by  Henry  Head  (13)  in  1920.  Like  all  the 
other  work  of  this  author,  the  observations  were  both  extensive  and 
intensive,  and  the  material  carefully  chosen  with  a  view  to  the  subject 
in  hand.  As  noted  by  the  author,  the  soldiers  who  were  victims  of 
wounds  during  the  war  formed  infinitely  superior  subjects  to  those 
upon  whom  previous  studies  of  aphasia  had  been  carried  out.  They 
were  in  the  best  of  health  when  wounded,  were  extremely  interested  in 
the  progress  of  their  examinations,  willing  and  anxious  to  cooperate  in 
every  way,  thus  contrasting  strongly  with  the  aphasics  seen  in  civil  life 
who  are  old  people,  broken  down,  and  with  intellectual  capacity  dimin- 
ished. In  addition  to  the  choice  of  material,  the  author  devised  some 
new  serial  methods  of  examination,  "making  it  possible  to  utilize  the 
inconstant  answers,  characteristic  of  all  cortical  lesions." 
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From  his  observations  Head  concluded  that,  "disorders  in  the  use  of 
language,  due  to  an  unilateral  lesion  of  the  brain,  cannot  be  classed  under 
the  categories  of  isolated  affections  of  speaking,  reading  or  writing,"  nor 
could  they  be  explained  "as  due  to  destruction  of  images,  'visual,' 
'auditory'  or  'motor/''  The  previous  termed  conditions  of  "word- 
blindness,"  "mind-blindness"  and  "imperception,"  "are  all  associated 
with  more  or  less  disturbance  of  the  power  to  form  images,  compUcated 
in  some  cases"  by  speech  disorders. 

In  regard  to  what  has  been  called  motor  or  Broca's  aphasia.  Head 
was  convinced  that  this  was  not  solely  an  anarthria  or  dysarthria,  as 
urged  by  Marie,  because  in  such  cases  careful  examination  showed  that 
"not  only  external  speech,  but  certain  aspects  of  internal  verbalization 
are  affected." 

Under  the  heading  "sjrmbolic  thinking  and  expression,"  the  author 
grouped  together  the  various  tjrpes  of  aphasia  and  speech  disorder,  say- 
ing that  "this  name  has  been  chosen  because  the  gravest  and  most  defi- 
nite disturbance  is  to  be  found  in  the  use  of  words,  figures,  and  other 
symbols."  It  was  found  that  the  functions  comprised  imder  the 
above  term  might  become  dissociated  as  a  result  of  lesions  situated  in 
different  parts  of  the  brain,  this  dissociation  being  "analogous  to  the 
effects  produced  on  sensation  by  injuries  to  the  cerebral  cortex."  Two 
or  more  aspects  of  sjrmbolic  formulation  were  affected  in  most  cases  of 
aphasia.  Finally,  the  author  comprised  under  four  headings  the 
various  dissociated  forms  of  symboUc  thinking  and  expression. 

a.  Verbal  aphasia — "essentially  a  defect  of  word  formation." 

b.  Nominal  aphasia — "a  defective  use  of  names,  and  want  of  com- 
prehension of  the  nominal  value  of  words  or  other  sjrmbols." 

c.  Syntactical  aphasiar— Talking  jargon,  and  lack  of  granunatical 
coherence. 

d.  Semantic  aphasia — consisting  "in  a  want  of  recognition  of  the  full 
significance  of  words  or  phrases." 

No  attempt  was  made  by  Head  in  this  article  to  localize  in  the  brain 
these  various  disorders  of  speech. 

e.  Visiuil  area.  The  evidence  concerning  the  function  of  this  brain 
area  has  been  both  abundant  and  thoroughly  convincing.  As  a  result 
of  the  work  of  Holmes,  Lister,  Marie,  ChateUn,  Monbrun  and  a  host  of 
other  observers  it  may  be  said  that  the  exact  cortical  representation  of 
all  areas  of  the  retina  has  been  practically  established. 

In  1916,  Marie  and  Chatelin  (14)  contributed  a  valuable  series  of 
observations  concerning  the  cortical  visual  area  in  a  study  of  some  31 
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cases  of  wounds  of  the  occipital  lobes.  The  site  and  extent  of  the 
lesions  was  determined  as  exactly  as  possible  by  means  of  x-ray  and 
craniometric  measurements,  as  well  as  by  the  operative  findings  when 
these  were  available.  They  divided  the  types  of  cases  observed  into 
three  groups. 

1.  Cases  showing  a  horizontal,  inferior  hemianopsia.  In  these 
patients  the  lesions  were  always  confined  to  the  superior  portions  of  the 
visual  area,  that  is,  the  upper  lips  of  the  calcarine  fissure,  the  complete- 
ness of  the  hemianopsia  depending  upon  the  extent  of  the  destruction 
produced.  The  obvious  conclusion  was  that  the  upper  halves  of  the 
retinae  were  represented  in  the  supra  calcarine  area. 

2.  Cases  showing  inferior,  quadrant  hemianopsias.  Four  out  of  the 
5  cases  in  this  group  showed  defects  of  the  left  lower  quadrant',  with  the 
lesions  situated  in  the  right  superior  lips  of  the  calcarine  fissure.  The 
other  case,  in  which  there  was  a  right  lower  quadrantal  defect,  had  a 
probable  lesion  in  the  left  upper  calcarine  lip.  These  cases  presented 
strong  evidence  toward  the  localization  of  the  right  and  left  sides  of 
the  upper  halves  of  each  retina  in  the  corresponding  right  and  left 
portions  of  the  superior  lip  of  the  calcarine  fissure. 

3.  Cases  showing  central  and  paracentral  scotomata.  There  were 
11  patients  in  tins  group  from  whom  satisfactory  conclusions  could  be 
drawn.  The  size  of  the  scotomata  varied  directly  with  the  extent  of 
the  lesion,  and  the  more  closely  the  defects  approached  the  fixation 
point,  the  more  superficial  was  the  lesion  at  the  extremity  of  the  occipi- 
tal pole.  If  the  defect  in  the  field  of  vision  was  below  the  horizontal 
line  on  one  side  of  the  median  line,  the  lesion  was  foimd  to  be  situated 
in  the  opposite  side  of  the  superior  and  posterior  calcarine  area.  In 
the  two  cases  in  which  there  were  superior  paracentral  scotomata,  they 
were  on  the  left  side  of  the  median  line,  and  the  lesions  were  in  the 
right  posterior  extremities  of  the  lower  calcarine  lip.  The  findings  in 
this  group,  therefore,  supported  the  evidence  already  given  above, 
and  in  addition  there  was  strong  proof  that  the  macula  representation 
was  at  the  posterior  extremities  of  the  occipital  lobes  at  the  end  of  the 
calcarine  fissmre.  There  were  a  few  cases  of  peripheral  scotomata 
with  lesions  in  the  anterior  portions  of  the  visual  area,  making  it 
probable  that  the  peripheral  portions  of  the  retinae  were  represented 
farther  forward.  In  the  cases  studied  for  colors,  there  was  found  to 
be  no  justification  for  a  cortical  center  for  color  vision. 

Holmes  and  Lister  (15)  reported  in  1916  a  study  of  23  cases  of  woimds 
situated  in  the  occipital  lobes.    The  exact  location  of  these  lesions  was 
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determined  by  means  of  careful  craniometric  methods,  supplemented 
by  x-ray  examination  and  the  findings  at  operation  or  autopsy.  Many 
painstaking  observations  of  the  defects  in  the  fields  of  vision  of  each 
patient  were  made,  both  with  the  ordinary  perimeter  and  with  a 
Bjemim's  screen.  The  evidence  which  they  advanced  toward  proof 
of  the  cortical  representation  of  vision  may  be  stated  briefly. 

1.  Cases  in  which  the  brain  injury  was  located  in  the  calcarine  region 
(area  striata),  above  the  level  of  the  fissure^  showed  loss  of  vision  in  the 
lower  half  of  the  visual  field,  signifying  that  the  corresponding  upper 
portions  of  the  retina  were  represented  in  the  supra-calcarine  area. 

2.  Cases  showing  small,  central  scotomata  had  lesions  confined  to  the 
occipitB.1  poles,  at  or  about  the  level  of  the  posterior  extremities  of  the 
calcarine  fissures,  with  probable  damage  to  the  hindermost  ends  of  the 
area  striata  only.  This  offered  strong  evidence  in  support  of  the  view 
that  the  cortical  representation  of  the  macula  lay  in  the  posterior 
extremity  of  the  visual  area. 

3.  Cases  showing  paracentral  scotomata,  extending  from  10®  to  30** 
from  the  fixation  point,  also  had  lesions  at  or  near  the  posterior  extrem- 
ity of  the  calcarine  fissure,  supporting  the  above  conclusion  as  to  the 
cortical  representation  of  the  macula. 

4.  Paracentral  scotomata  limited  to  the  lower  quadrants  of  the  visual 
fields  had  lesions  situated  above  the  posterior  end  of  the  calcarine  fissure, 
confirming  the  conclusion  that  the  upper  half  of  each  retina  was  repre- 
sented in  the  dorsal  part  of  the  area  striata. 

5.  Paracentral  scotomata  limited  to  the  upper  quadrants  of  the  visual 
fields  had  lesions  on  the  imder  surface  of  the  occipital  poles,  giving 
evidence  that  those  portions  of  the  lower  quadrants  of  the  retina,  in  the 
region  of  the  fovea,  were  represented  in  the  lower  and  posterior  parts  of 
the  area  striata. 

6.  The  size  of  the  scotomata  varied  directly  with  the  depth  of  the 
woimd  from  the  occipital  pole,  making  it  probable  that  the  concentric 
zones  of  the  retina,  from  its  center  outwards,  were  represented  in 
serial  order  from  behind  forwards,  in  the  visual  area. 

A  further  very  valuable  and  careful  contribution  concerning  the 
cortical  visual  areas  was  made  by  Holmes  (16)  in  1918.  The  methods 
of  study  were  practically  the  same  as  in  his  previous  paper  in  collabora- 
tion with  Lister.  In  regard  to  the  cortical  representation  of  the  retina. 
Holmes  cited  fom*  groups  of  cases. 

1,  Patients  vrith  inferior,  paracentral  scotomata:  The  lesions  here  were 
confined  to  the  dorsal  parts  of  the  visual  area,  giving  defects  in  the 
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lower  halves  of  the  visual  fields  on  both  sides  of  the  median  line,  con- 
finning  the  earlier  conclusions  as  to  this  site  for  the  representation  of  the 
upper  halves  of  the  retinae. 

2.  Superior  paracentral  scotomata.  These  were  found  to  be  much  less 
common.  Only  5  such  cases  had  been  described  in  previous  Uteratiu'e, 
and  in  all,  the  lesion  involved  the  lower  part  of  the  visual  area.  Holmes 
added  3  more  confirmatory  cases,  making  fiu^her  proof  that  the  lower 
halves  of  the  retinae  were  represented  in  the  inferior  calcarine  area  of 
the  occipital  poles. 

S.  Sector  scotomata.  Four  cases  were  observed.  The  cortical  damage 
was  located  on  the  exposed  mesial  surfaces  of  the  area  striata.  These 
lesions  gave  scotomata  lying  along  the  vertical  radii  of  the  retinal 
fields.  By  exclusion,  it  could  possibly  be  assumed  that  the  retinae  on 
either  side  of  the  horizontal  radii  were  projected  to  the  visual  cortex 
which  occupies  the  walls  of  the  calcarine  fissure. 

4.  Peripheral  scotoma.  The  author  cited  one  case  in  which  the  prob- 
able lesion  was  confined  to  the  anterior  part  of  the  calcarine  area.  The 
fields  of  vision  showed  an  homonymous  contraction  of  the  left  periph- 
eries, thus  offering  evidence  that  the  peripheral  areas  of  the  retina  were 
represented  in  the  forward  portion  of  the  visual  cortex.  Further  con- 
firmation lay  in  the  fact  that  peripheral  vision  was  never  affected  by 
local  lesions  of  the  posterior  portion  of  the  area  striata. 

In  addition  to  the  occipital  lesions.  Holmes  described  one  case  of 
deep  injury  to  the  right  parietal  lobe.  In  this  patient  the  only  disturb- 
ance was  in  visual  attention.  He  would  only  see  one  hand  being  moved 
in  his  visual  field,  when  in  reality  two  were  being  moved,  one  in  his 
right,  the  other  in  his  left  visual  field.  Such  disturbance  was  beUeved 
to  be  analogous  to  the  "attention  loss"  in  cutaneous  sensibiUty  as 
described  by  Head  and  Holmes  in  1912. 

A  report  by  Monbrun  (17)  in  1917  confirmed  in  all  respects  the 
observations  of  Marie  and  Chatelin  and  those  of  Holmes  and  Lister. 
He  concluded  that  the  optic  radiations  were  divided  into  two  independent 
bimdles,  each  of  which  placed  the  retinal  quadrant  into  relation  with  the 
corresponding  lip  of  the  calcarine  fissure.  He  agreed  also  that  the 
cortical  center  for  the  macula  was  localized  to  the  most  posterior  part 
of  the  calcarine  area. 

It  may  be  said  then  that  there  is  a  general  agreement  among  those 
who  have  studied  the  cortical  localization  of  vision,  as  to  the  repre- 
sentation of  the  retina  in  the  brain  areas  adjacent  to  the  calcarine  fis- 
sure, and  extending  out  sUghtly  on  to  the  lateral  surface  of  the  tips  of 
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the  occipital  lobes,  the  most  central  portions  of  the  retina  being  placed 
farthest  posterior,  and  the  peripheral  portions  being  placed  more  and 
more  anteriorly.  Finally,  there  was  no  evidence  in  any  of  the  series 
of  observations  to  support  the  older  idea  of  a  bilateral  representation 
of  the  macula. 

A  contribution  by  Riddoch  (18),  also  in  1917,  was  important.  Inci- 
dental to  his  main  subject,  he  was  able  to  confirm  the  work  of  other 
writers  as  to  the  localization  of  the  visual  center.  In  addition  to  this, 
and  more  especially,  he  studied  the  dissociation  of  visual  perceptions 
following  injuries  to  the  occipital  lobes.  As  a  result  of  his  observations 
upon  ten  wounded  officers,  he  was  able  to  de^monstrate  that  the  per- 
ceptions of  light  and  movement  were  the  first  stimuli  to  be  recognized  in 
a  recovering  visual  field.  The  field  for  movement  coiUd  be  recorded 
on  a  chart,  and  offered  the  earliest  indication  of  recovery.  Further,  he 
found  that  the  appreciation  of  movement  and  the  recognition  of  an 
object  were  alwajrs  dissociated  in  patients  in  whom  recovery  of  vision 
could  be  demonstrated,  the  field  for  the  former,  which  is  the  more 
primitive  perception,  being  the  larger.  The  recovery  of  the  apprecia- 
tion of  movement  began  at  the  periphery  of  the  visual  field  and  extended 
inward  toward  central  vision.  He  considered  these  types  of  visual 
dissociation  analogous  to  the  dissociations  of  general  somatic  sense 
impressions  described  by  Head  and  his  co-workers  as  occurring  from 
cerebral  injuries. 

In  addition  to  the  results  achieved  with  regard  to  the  cortical  repre- 
sentation of  the  retina,  there  have  been  certain  other  interesting  and 
instructive  observations  concerning  the  localization  of  allied  visual 
phenomena.  It  is  not  within  the  province  of  this  review  to  go  into  the 
great  detail  which  would  be  necessary  to  give  an  adequate  idea  of  the 
intricate  visual  processes  involved.  Siiffice  it  to  say  that  it  has  been 
pointed  out  in  papers  by  Smith  and  Holmes  (19),  Riddoch  (18),  Hohnes 
(16),  and  Holmes  and  Horrax  (20),  that  patients  who  had  sustained  a 
bilateral  cerebral  injury  in  the  nei^borhood  of  the  angular  gyri,  or 
upper  part  of  the  supra-marginal  gyri,  exhibited  certain  striking  defects 
in  visual  association  perceptions.  These  defects  included  a  loss  of 
visual  attention  and  retentiveness,  defective  spatial  orientation  and 
inability  to  tell  the  relation  of  objects  in  space,  and  in  some  instances  a 
partial  or  complete  loss  of  stereoscopic  vision.  As  these  functions  are 
not  purely  sensational,  the  lesion  causing  them  should  probably  be 
regarded  as  an  interruption  of  the  association  paths  between  the 
occipital  cortex  and  the  rest  of  the  brain. 
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CEREBELLUM 

In  1917  Holmes  (21)  contributed  a  notable  article  dealing  with 
cerebellar  functions,  in  which  he  diflfered  from  certain  findings  of 
Andr^Thomas.  .In  regard  to  the  latter's  contention  for  the  existence 
of  "anisosthenia"  or  loss  of  tone  in  certain  muscles  and  relative  hyper- 
tonicity  in  their  antagonists,  Holmes  was  quite  emphatic.  This  con- 
dition was  searched  for  by  Holmes  in  the  majority  of  his  patients,  but 
in  no  instance  was  he  able  to  confirm  Andr^Thomas'  observations  by 
finding  that  the  loss  of  tone  was  limited  to  certain  muscles.  In  all 
unilateral  injuries  of  the  cerebellum  the  hypotonia  was  homolateral, 
involving  all  the  muscles  of  the  affected  side,  but  usually  more  demon- 
strable in  the  upper  extremity. 

In  considering  the  disturbances  of  voluntary  movement,  Holmes  was 
able  to  show  by  kymographic  records  that  there  were  distinct  differ- 
ences on  the  side  affected  by  a  unilateral  cerebellar  lesion.  These 
consisted  in  a  slowness  in  the  inauguration  of  simultaneous  movements, 
a  slower  attainment  of  the  exertion  of  full  power,  a  delay  in  commenc- 
ing relaxation,  and  a  slowness  in  effecting  relaxation.  He  also  showed 
by  the  ergograph  that  the  affected  side  tired  more  easily  than  the  other. 

From  these  observations  his  conclusion  was  that  the  cerebellum  might 
therefore  be  regarded  as  a  motor  reinforcing  organ. 

It  seems,  however,  probable  that  it  takes  no  direct  part  in  the  processes, 
whether  initiated  reflexly  or  voluntarily,  that  produce  motor  efiFects,  and  that  it 
does  not  augment  these,  but  that  it  "sets"  or  "tunes"  or  regulates  the  activity 
of  certain  motor  mechanisms,  most  probably  spinal,  so  that  the  response  to  a  voli- 
tional stimulus  is  immediate,  effective,  and  proportional  to  the  intensity  of  the 

cerebral  impulse In  addition    ....    it  also  exerts  an  influence 

on  the  eflSciency  of  this  response,  by  determining  the  complete  fusion  of  the 
elementary  muscle  twitches. 

Concerning  the  phenomena  which  have  been  spoken  of  generally 
under  the  term  "cerebellar  ataxia,''  Holmes'  observations  would  indi- 
cate that  this  condition  was  produced  by  other  factors  than  atonia, 
asthenia  and  astasia.  One  of  the  chief  of  these  he  has  referred  to  as 
the  "decomposition  of  movement,"  analogous  to  the  "asjmergia"  of 
Babinski.  All  these  components  he  believed  were  due  essentially  to 
loss  of  the  ability  to  start  and  stop  a  movement  promptly  and  normally, 
and  not  to  loss  of  tone  or  to  faulty  action  of  agonists  and  antagonists. 
He  concluded  that  "the  cerebellum  also  exerts  a  regulating  and  coor- 
dinating influence  on  the  motor  centers  that  effect  voluntary  movements. 
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and  by  this  means  assures  their  harmony,  precision  and  correct  range." 
He  also  attributed  nystagmus  to  the  throwing  out  of  this  particular 
regulatory  mechanism.  In  regard  to  any  localization  of  function  in 
the  cerebellum  Holmes  stated  that  his  observations  were  inconclusive. 

As  an  adjunct  of  his  pre-war  studies,  which  have  abeady  been 
alluded  to,  Andr^Thomas  (22)  in  1918  published  his  observations  upon 
thfee  exhaustively  detailed  cases  of  wounds  of  the  cerebellum.  This 
work  brought  confirmation  to  the  studies  of  Babinski  concerning  active 
movements  in  cerebellar  lesions,  asynergia,  etc.  Regarding  localiza- 
tion of  cerebellar  fimction,  the  author  summed  up  his  own  previously 
published  observations,  as  well  as  those  of  others  who  had  written  on 
the  subject,  notably  Van  Rynberk,  Bolk,  Rothman  and  Barany, 
His  conclusion  was  that  there  were  centers  in  the  cerebellum,  less 
well  defined  than  in  the  cerebrum,  but  nevertheless  quite  special- 
ized for  the  arm,  leg,  trunk,  neck,  etc.,  and  for  the  articulations  of 
limbs;  centers  not  only  for  motor  activity,  but  for  regulation  of  tonus 
of  the  agonistic  and  antagonistic  muscles.  His  conception  of  the  cere- 
bellum as  a  whole  was  as  a  regulator  of  the  action  of  these  agonists  and 
antagonists. 

With  the  exception  of  the  monographs  of  Holmes  and  Andr^Thomas, 
studies  of  cerebellar  function  have  been  confined  to  occasional  case 
reports  nearly  all  of  which  contained  merely  confirmatory  information. 
One,  however,  by  Leri  (23)  in  1916  should  be  noted,  as  the  lesion  was 
found  to  be  absolutely  discrete,  and  the  resulting  disturbance  of  func- 
tion quite  definite.  The  patient  received  a  superficial  woimd  which 
was  shown  to  be  limited  to  the  superior  part  of  the  inferior  vermis. 
There  was  also  a  slight  scratch  of  the  left  cerebellar  hemisphere  which 
could  be  completely  discounted.  The  sjonptoms  which  followed  con- 
sisted in  a  perfect  picture  of  the  two  syndromes  of  Duchenne  and  of 
Babinski,  i.e.,  titubation,  tremor,  vertigo,  asynergia  and  adiadochoki- 
nesia, — all  confined  exclusively  to  the  legs.  There  was  no  atony, 
asthenia  or  dysmetria.  The  author  was  led  to  the  conclusion  that  the 
center  for  coordination  of  movements  of  the  legs  lay  in  the  superior 
part  of  the  inferior  vermis  cerebeUi  in  man,  thus  agreeing  with  the 
experimental  work  on  animals. 

SPINAL  CORD 

It  <jan  be  said  without  hesitation  that  the  work  of  Head  and  Rid- 
doch  (24),  (25)  on  the  phyTsiology  of  the  completely  divided  spinal 
cord,  as  a  result  of  war  wounds,  stands  in  a  class  by  itself  among  con- 
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tributioDS  to  the  functions  of  this  portion  of  the  nervous  system.  Other 
studies  to  be  mentioned,  notably  those  of  Lhermitte,  Roussy,  Guillain 
and  Barr^,  and  Buzzard,  touched  on  various  phases  of  the  combined 
observations  of  Head  and  Riddoch,  but  not  in  such  an  exhaustive  man- 
ner, nor  did  the  observations  extend  over  as  great  a  length  of  time. 

Both  articles  by  these  English  writers,  that  of  Head  in  collaboration 
with  Riddoch,  and  that  by  Riddoch  alone,  appeared  in  1917  in  the  same 
number  of  Brain,  and  should  be  considered  together.  The  first  of  these 
papers  concerned  itself  primarily  with  the  reflex  activities  of  the  bladder 
and  of  the  sweating  apparatus.  The  studies  were  made  upon  three 
complete  divisions,  and  five  partial  but  severe  lesions  of  the  spinal  cord. 
Complete  observations  of  the  changing  conditions  in  the  patients  were 
made  at  frequent  intervals  over  periods  up  to  336  days  after  their 
injuries.  It  is  impossible  in  a  short  review  to  give  any  adequate  idea 
of  the  detail  of  these  elaborate  studies,  but  the  salient  features  which 
seem  to  have  been  established  beyond  question  may  be  collected  under 
the  foUowing  headings.  Direct  quotations  from  the  authors  are  here 
used  freely. 

a.  The  aiOomatic  bladder.  ''When  the  spinal  cord  has  been  com- 
pletely divided,  the  bladder  may  begin  to  expel  its  contents  automati- 
c^y  as  early  as  twenty-five  days  after  the  injury,  under  favorable 
conditions."  Sepsis  may  partiaUy  or  wholly  prevent  this  automatiza- 
tion. "The  form  assumed  by  the  activity  of  such  an  automatic 
bladder  is  entirely  independent  of  the  site  of  the  lesion  in  the  spinal 
cord."  In  serious  injury  or  complete  division  of  the  spinal  cord  above 
the  lumbar  region,  "automatic  evacuation  and  the  complete  act  of 
micturition  may  be  facilitated  by  the  most  various  afferent  impulses 
passing  into  the  lower  portion  of  the  spinal  cord."  Thus,  scratching 
the  sole  of  the  foot,  thigh  or  abdomen  evoked  a  flexor  spasm  accom- 
panied by  an  emptying  of  the  bladder,  even  when  its  contents  did  not 
reach  one-half  the  amount  otherwise  necessary  to  produce  a  contraction 
of  the  muscular  wall.  "After  the  destruction  of  the  lower  Imnbar  and 
sacral  roots,  the  bladder  may  act  automatically  in  an  identical  manner, 
except  that  it  can  no  longer  be  influenced  reflexly  by  any  afferent 
stimulus.  When  the  lesion  is  confined  to  the  lower  end  of  the  spinal 
cord  or  to  the  lower  lumbar  and  sacral  nerve  roots,  the  patient  may  be 
conscious  of  tension  within  his  bladder,  may  recognize  the  occurrence 
of  contractions  in  its  muscular  wall,  and  may  experience  that  pleasure 
which  normally  accompanies  evacuation.  But  these  sensations  have 
no  effect  on  the  automatic  activity  of  the  bladder."    Upon  an  auto- 
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matically  acting  bladder,  deep  breathing  was  found  to  act  as  a  stimulus 
to  evacuation. 

6.  Excessive  sweating.  Hyperidrosis  associated  with  jgross  lesions  of 
the  spinal  cord  ''represents  the  activity  of  the  nervous  system  below  the 
lesion,  and  fiu^her,  paroxysmal  sweating  can  be  excited  by  almost  any 
stimulus  which  sends  afferent  impulses  into  the  spinal  cord  below  the 
lesion."  Such  stimuli  consisted  in  scratching  the  sole  of  the  foot  or 
the  skin  of  the  abdomen,  provided  they  evoked  a  flexor  spasm,  while 
other  stimuli  such  as  injection  of  fluid  into  the  bladder,  or  into  the 
rectum  as  in  giving  an  enema,  were  equally  effective. 

c.  ^'Mass"  reflex.  Inasmuch  as  any  afferent  stimulus  below  the  level 
of  the  lesion  in  a  completely  divided  spinal  cord  may  evoke  a  diffuse 
reflex  response,  manifested  by  flexor  spasm,  evacuation  of  the  bladder 
and  excessive  sweating,  this  response  may  be  spoken  of  as  a  "mass" 
reflex.  "When  the  spinal  cord  reacts  with  this  massive  response,  it 
is  obvious  that  the  reflexes  have,  to  a  great  extent,  lost  their  local 
signatmre.'' 

In  the  article  by  Biddoch,  activities  of  the  bladder,  of  sweating,  and 
the  "mass"  reflex  were  fiuiiher  considered  and  confirmed,  and  in 
addition,  the  muscle  and  tendon  reflexes  were  taken  up  in  detail.  For 
these  observations  five  patients  with  completely  divided  spinal  cords 
were  available,  and  one  incomplete  section,  some  of  the  cases  being  the 
same  ones  which  appeared  in  the  joint  paper.  .The  author  separated 
the  clinical  course  of  the  cases  into  three  stages,  the  second  only  of 
which,  namely,  that  of  full  reflex  activity,  is  of  chief  interest  physiologi- 
cally. This  stage  began  from  7  to  21  days  after  injury.  These  studies 
showed  that  the  clinical  picture  of  a  total  transverse  lesion  of  the 
spinal  cord  in  man,  as  hitherto  described,  was  imperfect,  inasmuch  as 
the  "portion  of  the  spinal  cord  caudal  to  the  lesion  not  only  recovers 
its  reflex  fimctions,  but  becomes  highly  excitable." 

The  first  reflex  to  appear  was  that  known  as  "flexor  spasm."  This 
was  evoked  during  the  stage  of  reflex  activity  by  nocuous  stimulation 
of  the  sole  of  the  foot,  or  of  any  part  of  the  lower  extremity  either  of 
the  superficial  or  deep  tissues.  In  its  fully  developed  form  it  consisted 
in  flexion  at  the  hip  with  adduction  of  the  thigh,  flexion  at  the  knee, 
dorsiflexion  at  the  ankle,  and  upgoing  toes.  "In  all  patients  diuing 
this  stage,  when  reflex  contractions  occur  in  one  physiological  group  of 
muscles,  simultaneous  inhibition  of  their  antagonists  can  be  demon- 
strated." It  was  further  noted  that  in  obtaining  a  flexor  reflex  of  one 
side,  a  reflex  in  the  opposite  limb  also  occurred,  usually  flexion.    Other 
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reflexes  which  could  be  evoked,  involved  the  abdominal  muscles.  These 
consisted  in  responses  ranging  from  a  simple  contraction  of  the  exter- 
nal oblique  and  rectus  abdominis,  up  to  a  general  contraction  of  the 
ventral  abdominal  wall,  or  a  flexor  spasm  of  the  abdominal  wall  plus 
that  of  the  lower  extremities,  the  stronger  the  stimulus,  the  more  wide- 
spread the  reflex.  The  field  of  stimulation  for  producing  these  reflexes 
comprised  the  superficial  and  deep  structures  of  the  abdomen  and  lower 
extremities. 

Reflexes  involving  the  genital  organs  were  also  observed  and  perhaps 
can  be  described  best  by  direct  quotation.  "During  this  stage  of  reflex 
activity,  one  of  the  most  receptive  fields  for  exciting  reflexes  is  the 
genital  area.  In  its  full  development  the  reflex  from  the  genital  area 
involved  the  musculature  of  the  genital  organs,  of  the  ventral  abdominal 
wall,  and  of  the  lower  limbs.  The  components  of  this  reflex  are,  in  their 
order  of  appearance:  (a)  Cremasteric  and  dartos  reflexes;  these  are 
evoked  by  movements  of  the  prepuce  over  the  glans,  by  handling  the 
scrotima,  by  scratching  the  inner  portions  of  the  siu^aces  of  the  thighs 
and  of  the  perineum,  (b)  Bulbo-cavemosus  reflex,  which  is  excited  by 
gently  irritating  the  glans  through  the  prepuce  or  by  pricking  the  glans 
penis,  (c)*  Erection  of  the  penis  and  seminal  emission."  Knee  jerks 
and  ankle  jerks  were  obtained  by  the  usual  method  of  stimulation,  but 
were  later  in  appearance  than  the  reflexes  already  described.  In  the 
cases  studied,  they  appeared  earliest  on  the  21st  and  latest  on  the  53rd 
day  after  injury.  The  response  at  first  was  a  mere  tightening  of  the 
relaxed  tendon,  but  eventually  the  ordinary  response  could  be  elicited. 
A  few  clonic  jerks  could  be  obtained  at  the  ankle  at  times,  but  never  a 
well-sustained  clonus. 

Certain  features  of  reflex  bladder  activity  were  uoted  other  than  those 
mentioned  in  the  previous  article,  and  reflex  defecation  was  found  to 
take  place  as  well.  Each  organ  was  foimd  to  respond  to  a  content  of 
fluid  injected,  which  varied  in  the  case  of  the  bladder  from  100  to 
650  cc,  and  in  the  case  of  the  rectum  from  56  to  280  cc. 

Finally,  regarding  certain  other  activities,  the  following  should  be 
quoted.  "In  the  stage  of  reflex  activity  the  vasomotor  balance  is 
more  stable,  when  febrile  compUcations  are  absent,  than  in  the  stage  of 
muscular  flaccidity.    If  the  legs  are  let  down  gradually  Uttle  or  no 

edema  develops Apart  from  compUcations,  the  skin  of  the 

paralyzed  parts  regains  a  good  color  and  a  normal  temperature." 

As  already  mentioned,  there  are  certain  other  observations  upon 
spinal  cord  injuries  to  which  reference  should  be  made.    Early  in  1917 
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Buzzard  (26)  reported  a  verified  case  of  total  transection  of  the  cord 
at  the  level  of  the  fourth  dorsal  segment.  In  this  patient  a  reappear- 
ance of  the  knee  and  ankle  jerks  was  noted  as  well  as  involuntary  flexor 
spasms.  Plantar  stimulation  produced  homolateral  flexion  and  spas- 
modic extension  of  the  limbs  of  the  opposite  side.  Stimulation  of  the 
skin  of  the  abdomen  caused  a  contraction  of  the  abdominal  muscles 
while  periodic  evacuation  of  the  rectum  and  bladder  was  observed. 
The  facts  are  in  complete  accord  with  those  described  in  greater  detail 
later  by  Head  and  Biddoch. 

Guillain  and  Barr^  (27)  also  in  1917  published  a  series  of  observations 
upon  15  cases  of  total  spinal  section.  Their  studies  were  confined  to  the 
more  acute  stages,  and  not  continued  observations  over  a  long  period  of 
time.  They  noted  ordinarily  a  conservation  of  the  cutaneous  plantar 
reflex  in  flexion,  frequent  conservation  of  the  cremasteric  reflex,  and 
rare  conservation  of  the  superficial  abdominal  reflexes. 

In  1918  Roussy  and  Lhermitte  (28)  produced  a  monograph  on  injuries 
of  the  spinal  cord.  In  many  aspects  it  recapitulated  the  observations 
of  Head  and  Biddoch  as  did  also  a  fiu^her  contribution  by  Lhermitte 
(29)  in  1919.  These  authors  sunmied  up  the  previous  findings  concern- 
ing conservation  of  reflexes  after  a  total  transverse  section,  noting 
that  Dejerine  and  Mouzon  (30)  in  1915  had  described  the  appearance  of 
flexion  of  the  legs  upon  stimulation  of  the  sole  of  the  foot.  In  addition, 
they  themselves  noted  automatic,  spontaneous  movements  of  flexion 
and  extension,  and  in  one  case  rhythmic  contractions  of  the  abdominal 
and  flank  muscles.  Two  cases  of  erection  for  a  short  period  of  time 
were  observed.  Regarding  electrical  reactions  in  the  muscles  below 
the  level  of  the  lesion,  they  obtained  a  greatly  diminished  response 
both  to  faradic  and  galvanic  stimulation. 

PERIPHERAL  NERVES 

The  number  of  published  investigations  concerning  the  functions  of 
the  peripheral  nerves,  as  studied  after  gunshot  or  other  injuries  dur- 
ing the  war,  has  become  so  enormous  that  any  proper  summary  of  the 
situation  at  the  present  time  is  well-nigh  baffling.  The  interest,  how- 
ever, may  be  said  to  have  centered  aroimd  a  few  fimdamental  consid- 
erations. These  include  the  clinical  evidences  of  a  return  of  function 
in  nerves  whose  continuity  has  been  completely  interrupted;  the  dif- 
ference in  time  at  which  these  evidences  appear;  the  sequence  of  return 
of  the  various  modalities  of  sensation;  the  mechanical  and  physiologi- 
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cal  factors  influencing  return  of  function;  and  finally  the  changes  in  the 
electrical  reactions  present  in  recovering  nerves.  In  addition,  there 
has  been  some  dissension  from  the  previously  accepted  ideas  as  to  the 
transmission  of  the  modalities  of  sensation. 

In  1915  Tinel  (31)  published  an  article  dealing  with  what  he  termed 
the  sign  of  formication  (signe  da  fourmillement)  in  nerve  lesions.  The 
author  believed  that  this  was.  the  most  important  and  almost  the  only 
early  sign  that  regeneration  was  occurring  in  a  previously  divided 
nerve.  The  sign  was  obtained  by  pressure  or  percussion  of  a  nerve 
trunk  below  the  lesion,  such  stimulation  producing  to  the  patient  a 
sense  of  "creeping"  or  formication  in  the  cutaneous  territory  of  the 
nerve.    In  the  author's  words: 

It  appears  about  the  fourth  to  the  sixth  week.  Then  it  increases  progressively, 
and  from  week  to  week  one  can  follow  along  the  course  of  the  nerve,  the  progres- 
sion of  the  formication  produced,  parallel  to  the  advance  of  the  axis-cylinders; 
it  extends  towards  the  periphery;  it  reaches  the  branches  of  division  of  the  nerve; 
it  ends  in  the  course  of  several  months  by  attaining  the  cutaneous  territory 

itself It  not  only  permits  one  to  follow  the  advance  of  regeneration, 

but  again  it  furnishes  by  its  rapidity  of  migration,  by  its  intensity,  by  the  terri- 
tory in  which  it  manifests  itself,  precise  information  as  to  the  quality,  extent 
and  limitation  of  regeneration. 

In  a  later  monograph  in  1917,  Tinel  (32)  took  up  in  detail  the  clini- 
cal syndromes  of  interruption,  compression,  irritation  and  regenera- 
tion of  peripheral  nerves,  but  aside  from  the  sign  of  formication,  noth- 
ing of  new  physiological  interest  was  added.  In  regard  to  the  electrical 
reactions  in  regenerating  nerves,  this  author  regarded  them  as  "vari- 
able in  different  cases  and  diflScult  to  interpret."  In  his  observations 
the  R.  D.  did  not  become  modified  until  after  the  appearance  of  axis 
cylinders,  and  of  muscle  tonus. 

In  1917  also,  Mme.  Benisty  (33)  published  a  book  dealing  with  her 
own  observations  upon  the  regeneration  of  nerves,  as  well  as  sxmmiarizing 
the  accepted  views  of  other  workers  on  this  subject.  She  believed  that 
in  the  main  most  of  the  observations  confirmed  the  pre-war  work  of 
Head  and  Rivers.  In  contradistinction  to  Tinel,  this  author  gave  as 
the  earliest  sign  of  recovery  the  elicitation  of  pain  when  the  skin  was 
pinched  within  the  sensory  area  of  the  injured  nerve,  as  noted  by  Andr6- 
Thomas  and  Belenki.  This  pain  on  pinching,  ill-localized  and  persist- 
ent, was  found  to  be  referred  to  small  circumscribed  spots,  just  as  the 
paresthetic  zones  were  later  for  pricking  and  heat.  These  zones  gradu- 
ally spread  and  coalesced.     (A.  Thomas.)    Formication  was  said  to  be 
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the  next  sensation  to  return,  and  after  that,  pain  in  the  muscles  whose 
nerve  supply  was  given  off  highest  from  the  injured  nerve.  After  this 
she  believed  that  the  return  of  sensation  was  as  determined  by  Head 
and  Rivers. 

Benisty  devoted  considerable  study  to  the  electrical  reactions  obtained 
in  both  degenerating  and  regenerating  nerves,  and  the  muscles  supplied 
by  them.  Her  conclusions  were  based  largely  on  the  observations  pub- 
lished in  collaboration  with  Marie  in  1915.  The  subject  is  a  compli- 
cated one,  and  by  many  observers  including  Tinel  deemed  too  inexact 
and  variable  from  which  to  draw  positive  data.  The  views  of  Marie 
and  Benisty,  however,  were  evolved  from  a  most  painstaking  study  of  a 
large  series  of  cases,  and  may  be  briefly  summarized. 

In  serious  lesions  due  to  wounds,  the  injured  nerve  and  muscles  sup- 
plied by  it  were  inexcitable  on  faradic  stimulation.  There  were  gal- 
vanic inexcitiability  of  the  nerve,  often  with  considerable  hypoexcita- 
bility  of  the  muscles,  sluggishness  of  contractility,  polar  reversal  for 
certain  muscles  and  equalization  or  normal  polar  formula  for  other 
muscles.  Longitudinal  excitability  from  the  first  few  weeks  onwards 
after  injury  exceeded  the  reaction  obtained  at  the  motor  points.  There 
was  no  galvanic  hyperexcitability  of  muscles  in  patients  wounded  at 
least  6  weeks  previously,  either  when  total  anatomical  sections  existed 
or  where  interruption  was  of  a  physiological  nature  of  long  standing. 
In  patients  upon  whom  nerve  suture  was  done,  a  return  of  faradic  con- 
tractility was  noted  from  the  3rd  week  to  the  4th  month  after  opera- 
tion. Also  in  many  of  these  patients  volimtary  motility  was  noted  to 
be  restored  to  a  considerable  extent  even  when  electrical  contractility 
and  especially  faradic  excitability  still  remained  in  abeyance.  But  in 
many  cases  faradic  contractility  reappeared,  partly  at  any  rate,  several 
weeks  or  months  before  volimtary  motility  occurred.  Faradic  excita- 
bility of  nerves  did  not  always  reestablish  itself  before  faradic  excita- 
bility of  muscle.  The  conclusion  was  that  faradic  contractility  could 
appear  in  muscles  before  voluntary  motility. 
• 

Faradic  recovery  takes  place  slowly  but  progresses  methodically  up  to  the 
time  when  voluntary  motion  appears,  and  occasionally  it  diminishes  or  dis- 
appears for  a  short  time  when  voluntary  motility  is  about  to  return.  On  the 
contrary,  in  many  cases,  especially  in  complete  sections  which  have  been  sutured, 
voluntary  motility  returns  before  electrical  contractility,  and  during  the  first 
few  weeks  or  months  which  follow  the  onset  of  motor  recovery,  it  is  possible  to 
find  faradic  inexcitability  or  even  galvanic  inexcitability  of  muscular  masses 
which  have  been  previously  affected  by  paralysis  and  complete  R.D.  The 
electric  current  is  rapidly  diffused  into  the  normal  muscles  of  the  neighborhood. 
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The  appearance  of  faradic  excitability  in  paralyzed  muscles  was  a 
promising  sign,  no  matter  how  slight.  "This  return  generally  coincides 
with  the  signs  of  sensory  recovery,  and  an  arrest  in  the  amyotrophy." 

Another  important  communication  concerning  especially  the  return 
of  function  in  recovering  nerves,  was  that  of  Burrow  and  Carter  (34) 
in  1918.  The  observations  were  made  upon  a  series  of  1000  cases. 
These  authors  stated  that  trophic  and  vasomotor  functions  were  the 
first  to  recover,  and  that  next  came  deep  sensibility,  usually  in  the  order 
of  sense-pressure,  perception  of  movement  in  joints,  roughness  and 
pressure  pain.  Radiating  and  ill-localized  sensations  referred  to  wide 
areas,  and  usually  associated  with  tingling,  appeared  next,  and  con- 
formed to  the  protopathic  sensations  of  Head  and  Rivers.  After  these 
came  the  accurate  perception  of  light  touch,  while  lastly  and  very 
imperfectly  appeared  the  discriminating  sensations,  such  as  the  stereog- 
nostic  sense. 

A  study  of  875  cases  by  Price,  Feiss  and  Terhune  (35)  in  1919 
emphasized  certain  important  factors  in  securing  the  recovery  of 
nerves,  especially  the  necessity  of  early  repair  by  excision  and  suture 
of  the  divided  ends.  They  held  also  that  volitional  effort  played  a 
part  in  the  return  of  function.  In  regard  to  individual  nerves  they 
found  that  the  musculo-spiral  and  sciatic  made  the  best  recoveries. 

An  interesting  communication  was  made  by  Mingazzini  and  Fuma- 
rola  (36)  in  the  same  year.  These  writers  did  not  confirm  the  pre- 
vious widely  accepted  studies  of  Stoflfel  and  others  concerning  the  dis- 
tribution of  different  bundles  of  .fibers  to  certain  groups  of  muscles  or 
sensory  areas.  They  stated  that  no  matter  where  a  nerve  was  injured, 
certain  groups  of  muscles  had  a  predilection  to  be  paralyzed, — ^notably 
the  muscles  most  distal  in  a  limb.  In  the  arm  the  muscles  of  the  hand 
were  the  ones  nearly  always  paralyzed,  no  matter  where  the  median, 
ulnar  or  musculo-spiral  were  injured,  while  in  the  leg  the  external 
popliteal  fibers  tended  to  suffer,  no  matter  what  part  of  the  sciatic  was 
traumatized. 

Concerning  certain  sensory  changes  and  other  aspects  of  regenerat- 
ing nerves,  Grimberg  (37)  published  observations  also  in  1919.  He 
foimd  that  hypoesthesia  and  hypoalgesia  were  always  present  after 
complete  nerve  division,  and  comprised  a  zone  about  the  area  of  total 
sensory  loss.  On  the  other  hand,  a  hypoesthetic  area  was  not  always 
hypoalgesic,  and  vice  versa.  He  stated  that  in  the  syndrome  of  com- 
plete interruption,  areas  of  hyperesthesia  and  hyperalgesia  were  never 
encoimtered.    Apropos  of  regeneration,  this  author  observed  that  the 
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first  sensory  signs  returned  as  early  as  thirty  days  after  injury  or 
suture,  and  that  the  musculo-spiral  and  uhiar  regenerated  earlier  than 
any  other  nerves,  while  the  first  sign  in  the  sciatic  appeared  as  early  as 
2  months  after  operation.  The  second  phase  of  regeneration  he 
regarded  as  the  reduction  of  the  anesthetic  and  h3rpoesthetic  areas,  and 
with  the  reduction  of  analgesia,  appeared  patches  of  hyperalgesia. 
These  became  more  marked  until  anesthesia  and  analgesia  entirely 
disappeared.  He  regarded  TinePs  sign  of  formication  as  of  only  cor- 
roborative value,  as  it  was  foimd  to  be  present  in  cases  of  complete 
division  with  no  jregeneration. 

A  study  of  the  various  forms  of  sensation  in  peripheral  nerve  lesions 
was  made  by  Cobb  (38)  in  1919  on  a  series  of  540  cases.  He  brought 
evidence,  from  the  previous  work  of  Trotter  and  Davies,  1913,  and  of 
Boring  (39),  1916,  to  show  that  the  transmission  of  sensation  by  sepa- 
rate systems,  i.e.,  the  "epicritic"  and  "protopathic"  hypothesis  of 
Head,  was  certainly  questionable.  C!obb's  own  studies  corroborated 
the  work  of  Boring,  Trotter  and  Davies,  inasmuch  as  he  found  that 
dissociation  of  the  various  modalities  of  sensation  occurred  only  when 
comparing  stimuli  qualitatively  different  and  quantitatively  unequiv- 
alent. 

Another  careful  study,  also  in  1919,  of  a  different  phase  of  sensation, 
was  that  of  Pollock  (40).  This  author  was  interested  especially  in  the 
overlap  in  sensory  supply  after  nerve  lesions.  He  showed  from  his 
studies  that  the  area  of  prick  pain  supplied  exclusively  by  an  indi- 
vidual nerve  was  far  less  than  the  accepted  sensory  distribution  of  that 
nerve.  He  called  the  area  between  the  border  of  exclusive  supply  of 
prick  pain,  and  the  border  of  its  accepted  sensory  supply,  the  "area  of 
algesic  nerve  overlap."  When  nerves  serving  adjacent  areas  were 
severed,  prick  pain  between  these  areas  was  not  present,  nor  did  it 
return  before  the  sense  of  touch.  When  the  algesic  overlap  area  was 
sensitive  after  section  of  a  nerve,  and  this  region  was  adjacent  to 
another  nerve  area,  if  the  second  nerve  was  then  severed,  a  complete 
analgesia  resulted  in  the  previous  sensitive  region.  Further,  when  prick 
pain  was  present  in  an  area  of  possible  overlap,  or  returned  on  to  the 
sensory  distribution  of  a  severed  nerve,  subsequent  section  and  resuture 
of  this  nerve  did  not  change  the  general  extent  of  the  sensitive  area, 
i.e.,  the  pain  sense,  returned  or  present  before  the  operation,  was  not 
due  to  partial  regeneration.  From  these  observations  the  author  con- 
cluded that  the  laws  governing  the  assumption  of  function  by  nerves 
adjacent  to  a  severed  nerve  were  unknown.    Evidence  of  this  assump- 


Digitized  by 


Google 


PHYSIOLOGY  OP  THE  NEBVOUS  SYSTEM  291 

tion  of  function  was  not  present  immediately  after  injury,  but  gradually 
showed  itself  at  a  later  date.  His  studies  also  apparently  showed  that 
the  early  return  of  prick  pain,  before  that  of  touch,  was  not  due  to  a. 
temporal  dissociation  of  epicritic  and  protopathic  sensation,  but  to  the 
assumption  of  function  by  adjacent  overlapping  nerves.  He  stated 
that  the  return  of  sensation  to  prick  pain  could  be  used  clinically  for  the 
determination  of  nerve  regeneration  only  when  it  was  accompanied  by 
the  return  of  tactile  sense,  or  when  it  occurred  outside  the  area  of 
possible  overlap  of  adjacent  nerves. 

Two  other  important  communications  dealing  with  the  peripheral 
nerves,  although  largely  surgical  in  their  nature,  have  at  the  same 
time  certain  physiological  interests.  Stookey  (41)  in  1916,  in  com- 
mon with  the  majority  of  later  writers,  found  that  divided  nerves 
tended  to  regenerate  better  by  a  mere  approximation  of  their  ends,  rather 
than  by  any  process  of  tubulization,  even  if  such  approximation  neces- 
sitated transference  or  transplantation  of  a  nerve  from  its  original  bed 
in  order  to  bring  the  ends  together  better.  He  also  stated  that  motor 
return  was  earlier  the  nearer  the  lesion  was  to  the  periphery. 

In  1920  Stopford  (42)  offered  a  number  of  general  factors  which  he 
found  had  considerable  influence  on  nerve  recoverability.  In  regard 
to  the  lapse  of  time  before  doing  a  nerve  suture,  he  found  that  a  delay 
of  more  than  18  months  gave  poor  results  in  distal  sutures,  but  was 
not  so  important  in  proximal  ones.  Better  fimctional  return  occurred 
the  nearer  the  site  of  the  suture  was  to  the  spinal  cord.  Ligature  of  the 
main  artery  in  the  proximal  part  of  the  limb  was  a  factor  militating 
against  regeneration.  The  intrinsic  muscles  of  the  hand  and  all 
muscles  in  the  distal  part  of  a  limb  recovered  less  frequently  than  the 
proximal  muscles.  The  author  gave  as  reasons  for  this  the  greater 
distance  of  the  young  nerve  fibers  from  their  trophic  centers,  the 
smaller  size  of  the  nerve  supply,  and  possibly  the  phylogenetic  history 
of  the  muscles,  the  smaller,  distal  ones  being  the  more  highly  specialized 
and  therefore  the  less  apt  to  have  their  nerve  supply  return.  This 
author  also  emphasized  the  advantage  over  other  methods,  of  careful 
approximation  of  the  divided  nerve  ends  in  doing  sutures  and  advo- 
cated liberal  resection  of  the  injured  ends. 

SYMPATHETIC   SYSTEM 

The  outstanding  studies  during  the  war  on  the  r61e  of  the  sympathetic, 
were  those  of  Leriche  (43).  In  1917  he  described  his  results  after  inter- 
rupting the  sympathetic  pathway  in  arteries  of  the  limbs,  by  decorticat- 
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ing  the  vessels  for  a  distance  of  8  to  10  cm.  Two  distinct  reactions  fol- 
lowed such  procedures,  the  first,  lasting  for  6  to  12  hours,  consisted  in  a 
contraction  of  the  artery  to  one-quarter  of  its  former  volume  over  the 
decorticated  area,  feeble  or  imperceptible  pulse  in  the  extremity,  and  a 
lowering  of  the  surface  temperature  of  the  limb.  The  secondary  reac- 
tion, lasting  for  2  weeks  to  a  month,  consisted  in  an  elevation  of  2  to  3 
degrees  of  the  surface  temperature  of  the  limb,  a  rise  of  arterial  pres- 
sure, and  an  augmentation  and  amplitude  of  the  oscillations  of 
"Pachon."  During  the  course  of  this  more  prolonged  secondary  reac- 
tion, certain  other  clinical  physiological  results  were  observed.  An 
immediate  amelioration  of  certain  "reflex  contractures"  in  the  extremi- 
ties was  apparent,  and  the  same  applied  to  trophic  conditions  of  the 
skin  and  nails.  Another  observation  was  the  disappearance  of  profuse 
sudations  of  the  hand,  from  which  the  author  concluded  that  the  func- 
tion of  the  sympathetic  as  the  excito-secretory  nerve  of  sweat  was 
established.  Of  even  greater  clinical  interest  was  the  observation  that 
certain  extremely  rebellious  cases  of  causalgia,  upon  which  no  effect  had 
been  produced  by  division  of  the  nerve  in  question,  were  at  least  tem- 
porarily cured  by  excising  the  sympathetic  from  the  blood  vessel  below 
the  lesion,  apparently  showing  that  the  lesion  was  not  one  of  the 
nerve  itself,  but  of  the  neighboring  perivascular  sympathetic. 

Further  studies  concerning  the  origin  of  the  pain  in  causalgia  were 
made  by  Tinel  (44)  also  in  1917.  He  believed  it  to  be  essentially  a 
sympathetic  symptom,  and  maintained  that  it  was  constituted  by  a 
real  sympathetic  reflex  arc,  painful  centripetal  excitation  and  centrif- 
ugal reactions  of  vasomotor  form,  secretory  and  trophic,  which  helped 
to  keep  up  and  increase  the  pain.  He  said  that  the  point  of  departure 
of  the  painful  sympathetic  excitation  might  be  found  in  the  nerve  lesion 
itself,  when  the  nerve  contained  sympathetic  fibers,  and  in  these  cases 
section  of  the  nerve  above  the  lesion  would  cure  the  pain.  In  the 
cases  where  the  causalgia  persisted  in  spite  of  section  of  the  nerves 
above,  it  must  be  that  the  painful  excitation  had  as  its  point  of  depar- 
ture, the  irritation  of  the  sympathetic  terminations  in  the  peripheral 
territory  of  the  nerve,  by  the  intermediary  disturbances  which  deter- 
mined its  neuritis.  In  these  cases,  the  painful  sympathetic  excitations, 
like  the  reflex  responses,  were  conducted  by  the  lateral  paths,  prob- 
ably perivascular.  Under  the  influence  of  these  painful  excitations  there 
was  established  in  the  sympathetic  centers  a  real  state  of  erethema,  of 
marked  hyperexcitability,  which  diffused  into  the  neighboring  centers 
and  even  into  the  homologous  centers  of  the  opposite  side.    This  state 
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of  erethema  made  itself  known  by  "synesthesalgia"  which  often  lim- 
ited itself  to  a  territory  more  or  less  extensive,  a  real  ''causalgic  field." 
There  were  determined,  in  a  quite  large  sympathetic  field,  modifications 
of  sensibility,  especially  a  superficial  hypoesthesia  by  inhibition  or 
even  blocking  of  the  sympathetic.  It  might  manifest  itself  at  a  dis- 
tance in  the  causalgic  field  by  diffuse  sympathetic  reactions,  such  as 
profuse  sweating,  mydriasis  and  vasodilatation. 

In  1918  Girou  (45)  added  confirmatory  evidence  as  to  the  sympathetic 
origin  of  causalgia.  He  maintained  that  the  dominating  findings  in 
painful  affections  of  the  limbs  were  contractures,  and  in  such  conditions 
he  found  constantly  lesions  of  the  periarterial  sympathetic.  There 
was  alleviation  after  periarterial  sympathectomy. 
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THE  HEAT-REGULATING  MECHANISM  OF  THE  BODY 

HENRY  G.  BARBOUR 
From  the  Department  of  Pharmacology ^  Yale  University  School  of  Medicine 

Water  and  heat:  Equalization  of  temperature  in  living  organisms 
is  best  attained  through  the  presence  of  a  mobile  constituent  which 
can  circulate  freely  and  rapidly.  Water  above  all  other  liquids  is 
fitted  for  temperature  equalization  and  regulation;  for  as  Lawrence 
Henderson  (60)  points  out,  it  ranks  very  high  as  regards  three  quali- 
ties— specific  heat,  heat  of  evaporation,  and  conductivity.  The  first 
favors  storage  of  heat;  the  second  permits  of  very  rapid  elimination 
when  necessary,  as  when  environmental  temperature  exceeds  that  of 
the  body;  the  third  allows  rapid  equalization  of  heat  within  the  fixed 
tissues  of  the  body,  minimizing  the  possibility  of  injury  from  local 
overheating  within  or  without. 

The  recognition  of  water  as  the  central  factor  in  the  regulation  of 
bodily  heat  may  lend  coherence  to  the  following  review  of  some  of  the 
many-sided  investigations  of  the  past  decade. 

Heat  regulation  in  the  lower  animals:  Even  among  amphibians 
and  reptiles  is  seen  an  attempt  to  resist  the  temperature  of  the  environ- 
ment. For  instance,  in  lizards,  while  the  body  temperature  is  a,  fimc- 
ti6n  of  the  external  temperature,  Martin  (109)  found  at  medium 
environmental  temperatures  (IQ-SS^'C.)  a  tendency  toward  a  carbon 
dioxid  production  which  is  relatively  constant.  Both  above  and  below 
these  temperature  limits  the  influence  of  the  environment  was  more 
marked,  with  approximation  of  the  van't  Hoflf  law.  (Applications  of 
this  law  to  physiological  processes  are  reviewed  by  Kanitz  (79).) 
Krogh  (87)  finds  neither  van't  Hoff's  nor  Arrhenius'  formula  exactly 
applicable  to  metabohsm  curves.  In  the  frog  the  nervous  influences 
which  produce  tone  begin  to  make  themselves  felt  at  20®C.,  for  the 
rise  in  metabolism  which  appears  normally  at  this  temperature  when 
the  frog  is  subjected  to  gradual  heating  Krogh  finds  less  marked  in 
narcosis. 

Martin  classes  the  Australian  ant-eater  (echidna)  as  a  warm-blooded 
animal  for  while  the  production  of  heat  is  directly  proportional  to  the 
difference  in  temperature  between  animal  and  environment,  its  body 
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temperature  only  varies  10**C.  within  the  environmental  range  of 
S-SS^'C.  This  indicates  that  heat  loss  can  be  modified  although  the 
animal  possesses  no  sweat  glands,  exhibits  no  vasomotor  adjustment  to 
temperature,  and  does  not  increase  its  respirations  at  high  temperatures. 

Marsupials  are  the  lowest  mammals  capable  of  "heat  polypnea." 
Pronoimced  dependence  upon  the  heat-dissipating  mechanism  begins 
with  the  higher  mammals,  e.g.,  rabbits  and  cats,  the  heat  production 
not  being  particularly  increased  until  they  are  submitted  to  an  environ- 
ment about  25°C.  below  their  own.  Polypnea  is  well  developed  but 
the  loss  of  heat  by  sweating  varies  much  with  the  species;  activity 
becomes  independent  of  external  temperature.  The  higher  mammals 
have  gained  their  advantages  by  a  great  expenditure  of  energy,  for 
Martin  states  that  approximately  800  calories  per  kUo  would  be  saved 
to  an  animal  by  allowing  its  own  temperature  to  fall  1**C.  instead  of 
maintaining  it  by  increased  heat  production.  In  the  camivora  heat 
regulation  is  better  developed  than  in  the  herbivorous  forms;  rabbits, 
for  example,  are  dependent  chiefly  upon  vasomotor  regulation,  not  pos- 
sessing a  satisfactory  water  reserve. 

Heat  regulation  in  man:  In  man  the  heat-dissipating  or  "water- 
shifting"  mechanism,  known  also  as  the  "physical"  regulatory  mechan- 
ism suflSces  normally  for  external  temperatures  as  low  as  14-15**. 
With  cooling  below  this  point,  heat  production  rises  rapidly  and  shiver- 
ing movements  appear  (141).  This  constitutes  the  so-called  "chem- 
ical" regulation  against  cold.  Young  confirms  the  conclusions  of  other 
observers  that  cold  does  not  increase  metabolism  until  shivering  is 
produced.  At  external  temperatures  above  30®  the  intensity  of  the 
metabolism  also  begins  to  increase  in  case  the  body  temperature  rises. 

The  basal  metabolism.  The  normal  basal  metabolism  per  square 
meter  per  hour  varies  with  age;  DuBois'  chart  (99)  shows  that  at  birth 
this  is  approximately  30,  rising  in  the  first  5  years  to  over  60,  from  then 
on  falling  with  some  irregularity  to  just  below  40  calories  at  20  years, 
after  which  it  decreases  gradually  and  regularly  to  about  35  calories  at 
80  years.  DuBois'  height-weight  formula  gives  a  satisfactory  indica- 
tion of  the  surface  area  of  the  human  body.  From  the  prediction 
tables  of  Harris  and  Benedict  (57)  the  metabolism  for  any  adult  can  be 
calculated  within  a  very  few  per  cent  on  the  basis  of  height,  weight, 
age  and  sex.  Armsby  (3)  obtains  similar  metaboUsm  figures  in  man, 
cattle,  horses  and  pigs.  The  significance  of  this  metabolism,  which  is 
considerably  higher  than  that  exhibited  by  animals  with  poor  heat- 
regulating  mechanism,  is  summed  up  by  Lusk  (99)  as  follows:  "The 
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organism  preserves  the  tropical  temperature  of  its  cells  at  the  expense 
of  a  metabolism  which  is -proportional  to  the  skin  area  of  the  indi- 
vidual." According  to  Benedict  what  determines  the  basal  metabolism 
rather  than  the  skin  area  is  "the  active  mass  of  protoplas;nic  tissue." 

Diurnal  variaiions  in  body  temperature.  The  diurnal  variation  in 
normal  body  temperature  may  be  conservatively  placed  at  1®C.  Ad- 
justment to  inversion  of  the  daily  routine  by  night  workers  Benedict 
(17)  found  incomplete  even  after  a  period  of  years.  In  travelling  half- 
way round  the  world,  Gibson  (48)  found  that  the  diurnal  variations 
maintained  a  parallelism  with  the  dayUght.  Goldstein  (50)  describes 
as  an  "interference"  curve  the  diurnal  temperature  curve  of  bakers 
and  night  nurses.  Upon  returning  to  day  work  the  normal  curve 
returns  in  a  few  days.  But  in  birds,  as  shown  by  Hilden  and  Sten- 
baeck  (66),  the  diurnal  curve  of  body  temperature  can  be  readily 
inverted  by  reversing  the  habits  of  life;  owls  and  other  night  species 
exhibit  maximimi  temperature  in  the  night. 

Influence  of  age.  Imperfections  in  heat  regulation  are  observed  in 
the  extremes  of  life.  Benedict  and  Talbot  (20)  have  shown  that  the 
average  rectal  temperature  and  heat  production  are  decidedly  sub- 
normal during  the  first  3  or  4  days  after  birth.  In  old  age  Munk  (121) 
has  shown  that  shivering  sets  in  under  conditions  in  which  the  "phys- 
ical" regulation  would  suflSce  for  younger  persons.  In  doves,  Loer  (97) 
finds  the  average  body  temperature  highest  at  2  to  8  months. 

Temperature  topography.  Benedict  and  Slack  (19)  concluded  that  a 
rise  or  fall  in  rectal  temperature  is  accompanied  by  a  similar  rise  or  fall 
in  temperature  of  all  other  parts  of  the  body,  aside  from  the  skin. 
Moro  (119)  has  shown  that  the  temperature  will  exhibit  the  greatest 
increase  in  the  axilla  or  rectmn  in  children  according  to  whether  arms 
or  legs  respectively  have  been  active.  As  a  result  of  marching  with  a 
heavy  load,  rectal  temperatures  up  to  39*'C.  were  found  by  Lippmann 
(96).  The  temperature  changes  were  regarded  largely  as  local  hyper- 
thermias due  to  marked  muscular  activity  of  the  lower  extremities. 

Hirsch,  Mueller  and  Roily  (71)  claimed  that  the  liver  is  always  the 
warmest  part  of  the  body  whether  during  refrigeration,  overheating  or 
infectious  fever,  or  after  "heat  puncture."  The  temperature  increase 
of  muscles  after  heat  puncture  was  still  noticed  in  the  presence  of 
curare  but  with  or  without  this  drug  it  was  said  to  lag  behind  that  of 
the  liver. 

Magne  (103)  states,  on  the  other  hand,  that  during  refrigeration 
hepatic  and  intestinal  temperatures  rise  parallel  to  that  of  the  aorta, 
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while  the  muscles  show  a  much  greater  rise;  or  with  more  extreme 
degrees  of  refrigeration  the  muscle  ciures  show  less  fall  in  temperature 
than  the  other  curves.  This  he  associates  with  the  augmented  activity 
of  the  muscles  in  regulating  against  cold.  Lef^vre  (91)  maintains, 
however,  that  liver  and  muscle  temperatures  run  parallel  during  refrig- 
eration, and  ascribes  to  the  liver  30  per  cent  and  to  the  muscles  40 
per  cent  of  thermogenesis;  but  Magne  attributes  to  the  muscles  70  to 
80  per  cent. 

The  "surface  temperature"  of  the  body  is  much  less  uniform  than 
is  generally  supposed.  Benedict,  Miles  and  Johnson  (18)  find  that  the 
temperature  of  the  skin  even  with  well-clothed  individuals  exhibits 
differences  of  4®  to  6**C.  in  various  locaUties. 

As  an  insulator  the  efficiency  of  the  himian  skin  varies  according  to 
the  predominance  of  fat,  corium,  or  epidermis  (157).  The  epidermis 
has  the  poorest  heat  conductivity,  heat  passing  through  fat  and  through 
corium  respectively  two  and  three  times  as  readily.  Variations  in  the 
fluid  content  of  its  capillaries  naturally  alters  the  conductivity  of  the 
living  skin. 

The  heat  conductivity  of  the  cranium  appears  to  be  relatively  good. 
Leyton  and  Sherrington  (94)  found  that  in  a  chimpanzee  with  a  cranial 
vault  about  the  thickness  of  the  average  hiunan,  the  application  of 
local  cold  (ice  bag)  or  heat  over  the  parietal  scalp  rapidly  aflfected  the 
temperature  of  a  thermometer  bulb  lying  imder  the  dura  against  the 
cerebral  surface,  directly  beneath  the  region  of  thermal  application. 

Average  body  temperature.  Precise  determination  of  the  average 
temperature  of  the  body  appears  at  present  impossible.  Barr  and 
DuBois  (16)  have,  however,  devised  a  differential  method  by  which 
changes  in  average  body  temperature  may  be  determined  in  a  calori- 
meter. For  a  given  interval  they  determine  the  difference  between  the 
number  of  calories  produced  and  the  niunber  eliminated.  This  dif- 
ference, when  divided  by  the  thermal  equivalent,  affords  the  gain  or 
loss  in  average  body  temperature.  For  example,  heat  production, 
100  calories,  minus  heat  elimination,  60  calories  =  heat  stored,  40 
calories.    In  a  70  kilo  man,  the  thermal  equivalent   =   58.1.    The 

40 
average  temperature  gain  is  therefore =  0.66**. 

Oo.l 

Regulation  against  cooling:  Chemical  regulation.  In  animals 
with  well-developed  physical  regulation  chemical  regulation  only 
appears  as  the  external  temperature  descends  below  14-15®C.  But 
many  instances  may  be  cited  (99)  in  which  external  temperatures  of 
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20**  and  25**  are  no  longer  borne  by  animals  without  an  increase  in 
metabolism,  after  removal  of  the  protecting  cover  of  hair  or  feathers. 

Rubner  (135)  showed  further  the  difference  made  by  a  protecting 
layer  of  adipose  tissue;  the  same  dog  when  thin  has  a  much  higher 
metabolism  at  various  temperatures  than  when  fat.  For  example,  at 
15**  when  thin  he  produced  109  calories  per  kilo  as  against  83  calories 
when  fat. 

The  older  writers,  Rubner  (135)  for  example,  having  contended  that 
shivering  movements  were  not  essential  to  chemical  regulation,  Sjoe- 
stroem  (142)  investigated  three  subjects  with  and  without  clothes,  in  a 
Tigerstedt  respiration  chamber,  maintained  at  external  temperatures 
varying  from  10  to  32**C.  He  concluded  that  the  increase  in  oxidations 
during  shivering  movements  was  directly  dependent  upon  the  inten- 
sity of  the  movements;  these  tremors  are  instigated  reflexly  through 
the  cold  nerves.  Without  shivering  movements  the  variations  in 
carbon  dioxid  output  bore  no  relation  to  the  external  temperature. 
While  this  makes  chemical  regulation  and  shivering  appear  inseparable 
it  must  be  remembered  that  heat  production  even  in  muscle  can  occur 
without  external  manifestation  (68).  Exact  studies  of  heat  production 
in  heart  and  smooth  muscle  are  described  by  Snyder  (143). 

In  extreme  refrigeration  such  as  lowers  the  body  temperature,  chem- 
ical regulation  must  break  down  rapidly,  for  Storm  Van  Leewuen  (147) 
has  shown  that  cooling  tends  to  reduce  the  reflex  irritability  of  the 
spinal  cord.  This  reduction  becomes  very  marked  at  a  body  tempera- 
ture of  26**  which  may  explain  why  this  temperature  approximates  the 
lowest  compatible  with  life. 

Chemical  regulation  is  largely  but  not  entirely  abolished  by  curare, 
for  Mansfeld  and  Lukdcs  (107)  showed  that  the  heat  production  falls 
10  to  15  per  cent  after  severing  the  sciatic  nerves  of  a  curarized  dog. 
The  regulatory  influences  which  are  not  abolished  by  curare  are  said  to 
take  their  course  through  the  sjnnpathetic  nerves,  for  when  the  latter 
are  cut  sciatic  section  in  the  curarized  dog  no  longer  reduces  the  metab- 
olism. 

The  influence  of  cooling  upon  metabolism  is  illustrated  by  the  experi- 
ments of  Lusk  (99),  who  compared  the  heat  production  after  giving 
glucose  dissolved  in  cold  water  and  in  water  at  the  body  temperature 
to  a  dog  placed  in  a  calorimeter.  When  warm  water  was  ingested 
the  computed  heat  increase  agreed  with  that  actually  found,  but  when 
cold  water  was  given  there  was  increased  oxidation  as  shown  by  indirect 
calorimetry,  in  order  to  provide  for  the  heat  lost  to  the  fluid  in  the 
stomach. 
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The  studies  of  Lusk  upon  the  influence  of  cold  baths  show  that 
heat  production  may  increase  by  as  much  as  81  per  cent  of  the  normal. 
(Schapals  (137)  has  described  an  increase  of  176  per  cent  in  the  oxygen 
consumption.)  The  material  first  burned  is  sugar,  for  the  respiratory 
quotient  gradually  sinks.  In  the  case  of  the  chemical  regulation  of  the 
waking  hedgehog,  however,  Henriques  (61),  contrary  to  other  authors, 
finds  the  extra  heat  produced  apparently  at  the  expense  of  fat  and  not 
of  carbohydrate;  the  respiratory  quotient  remains  at  about  7. 

According  to  Mansfeld  and  Pap  (107  a)  the  blood  of  cooled  rabbits 
can  augment  the  sugar  consumption  of  the  heart. 

Physical  regulation,  Down  to  environmental  temperatures  of  about 
15^0.  apparently  the  so-called  physical  regulation  suffices  to  maintain 
a  fairly  constant  body  temperature.  The  stimulus  is  from  without 
(38).  By  means  of  this  physical  regulation  the  blood,  as  the  most 
superficial  observation  shows,  is  driven  away  from  the  surface  of  the 
body.  It  has  been  customary  to  assume  that  this  was  due  simply  to  a 
redistribution  of  the  blood,  for  example,  the  internal  organs  increase 
rapidly  in  voliune  as  well  as  in  temperature  under  these  conditions. 
(The  various  effects  of  cold  baths  are  reviewed  by  Matthes  (110).) 
It  has  been  noted,  however,  that  hemoglobin,  red-blood  cell  count  and 
viscosity  increase  under  the  influence  of  a  cold  environment.  Decrease 
in  blood  coagulation  time  has  also  been  described  by  Velden  (152). 
Under  our  present  conceptions  such  acute  changes  must  be  attributed 
to  alterations  in  the  fluid  concentration  of  the  blood. 

The  effects  of  cold  baths  on  "brain  volimie"  as  determined  by  the 
cranial  plethysmograph  are  to  cause  an  increase.  How  much  of  this  is 
due  to  an  increase  of  the  cranial  blood  supply  (120),  (148),  how  much 
to  increase  in  the  cerebro-spinal  fluid,  or  how  much  to  actual  taking 
up  of  water  by  the  nerve  tissue  has  not  been  determined. 

These  cranial  volume  effects  are  evidently  associated  primarily  with 
increases  in  blood  pressure  as  shown  for  example  by  L.  Hill  (69),  but  I 
have  found  in  dogs  that  the  cranial  volume  may  continue  to  increase 
during  the  return  of  blood  pressure  to  normal.  Since  this  increase  in 
brain  volume  is  associated  with  a  loss  of  fluid  from  the  blood  the  possi- 
bility exists  of  gradual  imbibition  by  the  nervous  tissue. 

Regulation  against  overheating:  The  danger  of  overheating,  as 
pointed  out  by  L.  Fredericq  (38),  usually  arises  from  within  the  body 
rather  than  from  the  environment,  which  affords  the  excessive  cold 
stimuli.  In  this  connection  it  is  interesting  to  note  that  Ruffini's  cor- 
puscles, the  temperature  sense  nerve  endings  for  heat,  are  situated  in 
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the  deeper  layers  of  the  skin,  as  pointed  out  by  Ebbecke  (32),  in  con- 
tradistinction to  the  cold  sense  nerve  endings  (Krause's  bulbs)  which 
lie  at  the  junction  of  the  epidermis  and  the  cutis  vera. 

It  is  probable,  however,  that  application  of  heat  either  to  the  skin  or 
to  the  base  of  the  brain  yields  similar  results  (see  below). 

Filehne  (35)  has  apparently  shown  that  for  the  initiation  of  the  proc- 
esses which  regulate  against  overheating  no  rise  in  blood  temperature 
is  necessary.  For  in  a  bath  up  to  the  neck  at  41  to  42°C.,  sweating  of 
the  forehead  began  prior  to  any  change  in  rectal  temperature;  plunging 
a  hand  into  cold  water  stopped  this  sweating  at  once. 

Chemical  regvlation.  Cessation  of  the  chemical  heat  regulation  is 
seen  in  the  transition  from  shivering  temper^itures  to  higher  ones. 
When  the  external  temperature  is  raised  from  26  to  37^*0.  heat  produc- 
tion in  rats,  as  shown  by  A.  M.  Hill,  (67),  is  reduced  by  but  one-quarter 
of  the  amount  which  it  is  reduced  when  the  temperature  is  raised  from 
15  to  26**.  It  is  difficult  to  prove  that  the  heat  production  is  reduced 
as  a  measure  against  overheating  in  an  individual  who  is  quite  inactive 
before  the  heat  stimulus  is  appUed.  Barbour  and  Prince  (13)  suc- 
ceeded in  reducing  the  COa  output  of  rabbits  by  heating  the  basal 
nuclei  and  offered  evidence  indicating  that  diminished  metabolism  is 
one  of  the  factors  reponsible  for  the  temperature  fall.  At  high  tem- 
peratures Lapicque  (89)  showed  that  the  metabolism  of  birds  is  re- 
ducible only  to  a  certain  minimum.  Hot  baths,  according  to  Schapals 
(137),  appear  to  increase  heat  production  by  22.5  per  cent.  The  in- 
creased heat  production  in  these  instances  is  of  course  attributable  to 
the  rise  in  body  temperature  and  has  nothing  to  do  with  the  chemical 
regulation. 

According  to  Mansfeld  and  Pap  (107  a)  the  blood  of  heated  rabbits 
can  reduce  sugar  consumption  by  the  heart. 

Physical  regulation.  This  defense  against  overheating  involves 
evaporation  of  water  from  the  lungs  and  skin  as  well  as  direct  radiation 
and  conduction  of  heat  from  the  surface  of  the  body. 

Both  evaporation  and  radiation  are  favored  by  an  increased  blood 
flow  through  the  skin.  According  to  the  older  views  vasomotor  shifts  of 
blood  to  the  surface  at  the  expense  of  the  interior  were  chiefly  respon- 
sible for  the  increased  surface  blood  flow,  but  it  now  appears  that  the 
value  of  these  shifts  may  be  much  enhanced  by  augmented  blood 
volimie,  brought  about  by  rapid  dilution  (6).  The  water  thus  made 
available  serves  in  the  evaporation  and  radiation  processes. 
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That  the  peripheral  flow  is  increased  in  warm  environments  was 
shown  in  the  case  of  the  arm  by  Hewlett,  Van  Zwaluwenburg  and 
Marshall  (63).  Stewart  has  demonstrated  the  same  fact  for  the  blood 
flow  through  the  feet  by  the  use  of  his  limb  calorimeter. 

The  vasomotor  shifts  which  bring  more  blood  to  the  surface  have 
been  extensively  studied,  for  example,  by  Mueller  and  Veiel  (120),  who 
indicate  the  volume  changes  in  the  limbs,  abdominal  organs  and  brain, 
under  the  influence  of  hot  and  cold  environments,  by  the  following 
scheme: 
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Strassburger's  (148)  experiments  in  which  the  brain  volume  was  also 
studied  show  similar  effects  of  cold  and  heat,  although  in  the  latter 
case  the  diminution  in  brain  volume  is  sometimes  preceded  by  a  tem- 
porary increase.  The  r61e  of  the  blood  pressure  is  but  a  temporary 
one,  as  shown  by  L.  Hill  (69).  The  origin  of  the  fluid  which  dilates 
the  peripheral  vessels  is  by  no  means  definitely  determined.  Obviously 
there  is  loss  of  fluid  from  the  abdominal  organs  and  from  the  brain 
region.  (The  muscles  require  further  study.)  In  my  own  experi- 
ments on  dogs  showing  that  external  heat  diminishes  the  percentage  of 
total  blood  solids,  the  volume  of  the  brain  became  simultaneously 
diminished. 

The  conception  of  an  augmented  blood  volume  as  the  response  to 
external  heat  accords  with  many  of  the  older  observations  on  blood 
cell  content  and  hemoglobin.     (Consult  Matthes  (110).) 

Light  upon  the  heat-regulating  mechanism  from  this  angle  is  shed 
by  the  recent  work  of  Kestner  and  his  collaborators  upon  the  effects  of 
exercise.  They  have  shown  that  marked  exertion  with  sweating  dilutes 
the  blood,  as  indicated  by  diminished  hemoglobin  content  anu  red 
blood  cell  count.  Gross  and  Kestner  (52)  showed  further  that  this 
stream  of  fluid  into  the  blood  is  associated  with  an  increased  rather 
than  a  decreased  protein  content. 

Quite  recently  Cohn,  (27)  as  well  as  Eckert,  (33)  has  published 
results  indicating  that  this  protein-salt-solution  which  flows  out  of  the 
tissues  (apparently  the  muscles  are  the  important  stores)  is  not  the 
result  of  muscular  exertion;  for  the  phenomena  are  absent  when  the 
muscles  are  tetanized  in  animals,  and  in  man  when  the  climatic  condi- 
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tions  under  which  the  exercise  is  carried  out  are  such  that  sweating 
does  not  occur.  Furthermore  sweating  procedures  such  as  electric- 
light  heat  baths  in  the  entire  absence  of  muscular  activity  do  produce 
this  flow  of  protein-salt-solution  from  the  tissues  into  the  blood. 

The  conclusion  is  that  this  dilution  of  the  blood  is  a  response  to  stim- 
ulation by  heat.  Whether  the  sweating  mechanism  is  the  one  that  is 
primarily  set  into  action  through  the  temperature-sense  nerve  endings 
and  the  central  nervous  system,  and  the  water  thus  lost  from  the  blood 
replaced  by  a  fluid-regulating  mechanism  of  some  sort  which  over- 
compensates,  or  whether  the  heat  directly  affects  this  fluid-regulating 
mechanism  without  first  drawing  off  water  through  the  sweat  glands 
has  not  been  determined. 

The  temporary  decrease  in  white  blood  cells  imder  the  influence  of 
dry  heat  described  by  Murphy  and  Sturm  (122)  may  be  another  expres- 
sion of  blood  dilution. 

Under  some  conditions  fluid  may  be  drawn  into  the  blood  and  then 
lost  by  excretion  without  any  dilution  of  the  blood  being  detected. 
This  is  indicated  in  the  experiments  of  Young,  Breinl,  Harris  and 
Osbom  (161),  who  found  under  tropical  conditions  of  heating  asso- 
ciated with  a  considerable  rise  of  body  temperature,  that  the  blood 
(as  determined  by  hemoglobin  tests)  became  somewhat  concentrated. 

Conditions  of  overheating,  brought  about  by  raising  the  temperature 
of  the  environment,  result  in  a  50  per  cent  diminution  of  the  flow  of 
gastric  secretion  excited  by  sham  feeding  with  Liebig's  meat  extract 
(36).  It  does  not  appear  in  these  experiments  whether  the  blood  was 
concentrated  or  diluted  at  the  time  of  inhibited  gastric  secretion. 

As  regards  regulation  by  evaporation  of  water  from  the  surfaces  of 
the  body  Soderstrom  and  DuBois  (144)  found  that  in  normal  men, 
age  20  to  50,  the  average  secretion  of  water  through  the  skin  and  air 
passages  is  29  grams  per  hour;  24  per  cent  of  the  heat  produced  is  thus 
lost.    In  boys  and  old  men  the  amount  is  a  little  more. 

Osborne  (127)  has  shown  that  the  expired  air  is  probably  saturated 
with  moisture  under  all  conditions.  The  heat  output  by  the  lungs 
can  only  vary  with  changes  in  their  ventilation;  heat  polypnea  will  be 
referred  to  later  on. 

Galeotti  and  Macri  (44)  have  shown  that  the  insensible  perspiration 
averages  0.12  gram  per  square  decimeter  per  hour  on  the  anterior 
region  of  the  forearm  of  normal  persons  at  23®C.  While  it  is  claimed 
that  this  may  become  totally  inhibited  when  the  temperature  of  the 
environment  is  considerably  reduced,  it  of  course  becomes  increased 
by  heating. 
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Montuori  (116)  finds  that  overheating  cats  seems  to  diminish  the 
osmotic  pressure  of  the  blood,  thus  favoring  sweat  secretion;  this  may 
be  inhibited  by  injection  of  hypertonic  NaCl.  He  claims  that  lowering 
of  the  osmotic  tension  is  an  added  stimulus  to  the  nerve  centers  which 
control  sweat  secretion.  The  secretory  factor  in  sweating  is  empha- 
sized by  Kittsteiner  (83),  who  states  that  the  sweat  glands  in  the 
human  arm  produce  a  very  marked  secretion  pressure,  often  over  25 
cm.  of  mercury, — much  higher  than  the  local  blood  pressure  under  the 
conditions. 

Before  leaving  the  question  of  increased  blood  flow  in  warm  environ- 
ments it  may  be  pointed  out  that  with  very  high  environmental  tem- 
peratures it  would  be  of  advantage  to  have  a  diminished  blood  flow 
through  the  skin  rather  than  an  increased  blood  flow,  thus  protecting 
the  body  to  a  certain  extent  in  a  manner  precisely  similar  to  that  in 
which  it  is  protected  against  excessive  cold.  Put  in  another  way, 
increased  surface  blood  flow  promotes  poikilothermia  because  it  facili- 
tates the  conduction  of  heat  either  to  or  from  the  body.  In  this  con- 
nection Berti  (22)  has  shown  that  very  high  temperature  may  produce 
vasoconstriction;  under  conditions  of  extremely  high  temperature  there 
is  also  a  tendency  to  increase  the  coagulabiUty  of  the  blood,  the 
greater  viscosity  probably  hindering  the  flow  through  the  surface  (152). 

Climate  and  heai  regulation.  The  value  of  evaporation  of  water  from 
the  surface  of  the  body  as  a  method  of  absorbing  heat  in  environmental 
temperatures  above  37  or  38®C.  is  illustrated  by  the  work  of  Haldane 
(54)  and  in  numerous  observations  upon  heat  stroke.  The  climatic 
factors  most  concerned  are  temperature,  hiunidity  and  wind  rate. 

The  loss  of  heat  by  evaporation,  calculated  by  L.  HilFs  katather- 
mometer,  is  taken  as  the  difference  between  the  heat  lost  in  a  given 
time  by  the  wet  bulb  and  dry  bulb  respectively.  Under  varying  con- 
ditions Winslow  (156)  has  shown  that  the  changes  in  this  instrmnent 
are  an  approximate  index  of  bodily  comfort.  This  appears  to  be 
another  way  of  stating  that  they  indicate  the  extent  of  the  strain  being 
put. upon  the  heat-regulating  mechanism. 

Comfort  and  health,  according  to  E.  H.  Hunt  (72),  can  readily  be 
obtained  in  dry  heat  where  for  long  periods  the  air  temperature  is 
above  that  of  the  body.  Of  course  this  requires  copious  water  drink- 
ing, sometimes  up  to  6  liters  per  diem,  but  man  is  provided  apparently 
with  a  large  reserve  of  water  (stored  mainly  in  the  jnuscle),  and  so 
readily  available  that  the  percentage  of  the  water  in  the  blood  is  not 
appreciably  diminished  even  when  several  liters  have  been  lost  by 
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sweating.  Hunt  warns  against  undue  or  needless  use  of  the  stored 
water  under  tropical  conditions,  in  cases  where  the  intake  is  restricted, 
because  if  the  reserves  are  extensively  drawn  on  replacement  seems  to 
require  many  hours. 

Murschhauser  and  Hidding  (124)  showed  the  effects  of  environ- 
mental moisture  upon  heat  production  in  a  number  of  series  of  guinea 
pigs.  In  a  dry  environment  increasing  the  temperature  from  21  to 
36°  reduced  the  CO2  production  by  18  per  cent.  When  saturated  air 
was  breathed,  however,  CO2  production  was  increased  by  6.1  per 
cent  under  the  same  conditions.  In  the  first  case  chemical  regulation 
was  foimd  necessary  at  21®  on  account  of  the  dry  moving  air.  In  the 
case  of  moist  air  actual  overheating  of  the  body  took  place  at  35° 
because  of  the  inability  to  give  oflf  heat  by  evaporation. 

Lee  and  Scott  (90)  found  that  muscles  taken  from  cats  which  had 
been  exposed  for  6  hours  to  a  temperature  of  33°C.,  with  average  humid- 
ity of  90  per  cent,  exhibited  only  76  per  cent  of  the  efficiency  shown  by 
muscles  taken  from  animals  exposed  to  a  temperature  of  21°C.  with 
52  per  cent  humidity.  Muscular  efficiency  therefore  shows  a  certain 
parallelism  with  the  need  for  heat  production. 

Young  (160)  found  in  white  men  a  high  metaboUsm  during  the  hot 
season  in  tropical  Australia.  The  increased  heat  production  was 
attributed  to  the  ordinary  activities  of  life  which  had  preceded  the 
experiment  and  which  in  the  hot,  moist  weather,  produce  a  greater 
increase  in  body  temperature  than  in  the  cool  season.  (See  also 
Aron  (4).)  ^^ 

On  the  other  hand,  de  Almeida  (2)  believes  that  the  usual  39  calories 
per  square  meter  per  hom*  are  not  produced  in  the  minimal  basal 
metabolism  of  native  white  men  in  the  tropics.  He  finds  the  heat 
production  averaging  from  29.5  to  31.5  calories  and  attributes  this  to 
an  adaptation  of  the  heat-regulating  mechanism  to  the  lessened  need 
for  heat. 

Other  details  relating  to  climatic  effects  upon  heat  regulation  are  set 
forth  in  an  interesting  fashion  by  Lusk  (99). 

Effects  of  uncompensated  overhectting.  When  the  regulation  against 
overheating  fails  and  the  body  temperature  rises  to  any  considerable 
extent,  there  results  an  increased  metabolism  (137),  (123).  Upon  this 
would  depend  the  tendency  to  acidosis  which  has  frequently  been 
described  by  the  older  investigators  and  apparently  confirmed  by  the 
finding  of  Hill  and  Flack  (70)  that  the  alveolar  CO2  tension  is  reduced, 
sometimes  almost  to  3  volumes  per  cent.  .  But  Haggard  (53)  finds  this 
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reduction  unaccompanied  by  compensatory  changes  in  the  COj-com- 
bining  power  of  the  blood.  Hence  he  assumes  that  the  Ch  is  lowered. 
Haggard's  experiments  were  performed  on  himself  in  baths  giving  oral 
temperatures  above  40®C. 

Koizumi  (84)  describes  acidosis  in  thermic  fever. 

Talbert  (149)  finds  that  the  sweat  resulting  from  overheating  is  more 
acid  than  that  due  to  muscular  activity.  The  acidity  of  the  urine  is 
also  increased.  Kittsteiner  (83)  has  shown  that  heating  a  portion  of 
the  skin  increases  the  percentage  of  nitrogen  and  sodium  chloride  of 
the  sweat  there  secreted.  High  (as  well  as  subnormal)  body  tempera- 
tures are  unfavorable  to  certain  syntheses  such  as  the  formation  of 
ethereal  sulphates  and  of  glycuronates,  as  shown  by  Hiizu  (65). 

Many  of  the  physiological  effects  of  overheating  the  body  are 
described  by  Heymans  (64),  who  varied  the  body  temperature  by 
heating  or  cooling  an  artificial  carotid-jugular  anastomosis. 

Fatal  termination  of  overheating  an  organism  is  due  to  the  accumu- 
lation of  acid,  according  to  Mayer  (111),  who  has  shown  this  to  be  true 
for  lower  forms  of  life  such  as  corals,  anemones,  etc.  Those  forms 
having  the  highest  CO2  output  and  therefore  the  greatest  accumulation 
of  acid  in  the  tissues  are  the  most  sensitive  to  heat. 

Nervous  control  op  heat  regulation:  Undoubtedly  temperatm-e 
regulation  is  intimately  interwoven  with  the  balance  of  other  physi- 
ological factors,  such  as  the  blood  content  of  water,  colloids,  various 
ions  and  metabolites,  red  and  white  cells,  etc.  Many  of  these  factors, 
however,  probably  maintain  a  high  degree  of  constancy  in  animals 
which  are  poikilothermic.  Temperature  regulation  therefore  depends 
on  something  further.  It  occurs  in  fact  only  in  those  species  which 
have  a  highly  developed  nervous  system. 

—  The  existence  of  a  thermostat-like  nervous  mechanism  at  the  base  of 
the  brain  is  indicated  by  the  demonstration  that  warming  of  the  region 
of  the  corpus  striatum  in  rabbits  reduces  the  rectal  temperature,  while 
cooling  has  the  opposite  effect  (6).  The  vasomotor  mechanism  of  the 
ears  was  studied  particularly  in  this  connection;  warming  of  this  region 
causes  dilatation  while  cooling  causes  constriction. 

The  anatomical  region  subjected  to  the  temperature  stimuli  in  these 
experiments  was  selected  because  it  has  given  the  best  results  in  the 
much-discussed  "heat-puncture"  experiments. 

Kahn  (78)  had  shown  that  warming  the  carotid  blood  in  dogs  results 
in  manifestations  of  increased  heat  output,  namely,  peripheral  vaso- 
dilatation and  increased  secretion  from  the  sweat  pads  in  the  feet. 
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Similar  effects  have  been  demonstrated  by  Moorhouse  (118).  The 
brain  therefore  shares  with  the  temperature  sense  nerves  a  sensitivity 
to  thermal  stimuli. 

Barbour  and  Prince  (13),  in  further  experiments  on  the  warming  and 
cooling  of  the  heat  centers,  showed  that  the  carbon  dioxid  output 
varied  in  the  same  direction  as  the  temperature  changes.  O'Connor 
(126)  has  since  brought  forward  experiments  showing,  according  to  his 
interpretation,  that  shivering  in  cats  and  rabbits  placed  in  baths  at 
various  temperatures,  depends  rather  on  the  temperature  of  the  brain 
than  on  that  of  the  skin.  For  example,  when  the  bath  was  being 
warmed  up,  one  animal  ceased  shivering  at  29.6®  rectal  temperature, 
the  brain  temperature  having  been  brought  up  to  31°  by  warming  the 
carotid  vessels.'  But  later  the  same  animal  continued  to  shiver  imtil 
the  rectal  temperature  was  as  high  as  34^  as  long  as  the  brain  was 
kept  cooler  than  31.2®.  The  significance  which  this  author  attaches  to 
the  skin  temperature  is  the  determination  of  the  "extra  oxygen"  con- 
sumed during  shivering;  this  is  said  to  be  proportional  to  the  extent  to 
which  the  skin  temperature  is  exceeded  by  that  of  the  brain. 

The  effects  upon  the  rectal  temperature  of  warming  and  cooling  the 
corpus  striatum  in  rabbits  have  been  confirmed  by  many  observers,  for 
example,  by  Moore  (117)  as  well  as  Hashimoto  (58).  In  both  cats  and 
rabbits  the  same  effects  have  been  described  by  Prince  and  Hahn  (131). 
Observers  who  have  failed  to  demonstrate  them  have  neglected  certain 
precautions  such,  for  example,  as  the  omission  of  anesthetics.  Further 
demonstration  of  the  significance  of  the  base  of  the  brain  in  heat  regu- 
lation is  seen  in  experiments  with  fever  and  with  drugs,  which  will  be 
referred  to  below. 

Hashimoto  (58)  has  found  in  rabbits  that  the  effects  of  thermal 
stimuU  upon  the  brain  can  be  augmented  by  making  a  second  puncture 
on  the  opposite  side.  But  if  heat  is  the  stimulus  through  one  side  and 
cold  through  the  other,  the  stimulus  on  the  left  side  seems  always  to 
prevail.  Under  such  circumstances  one  ear  is  hot  and  the  other  cold. 
It  is  suggested  that  the  left  "heat  center"  is  the  most  strongly  devel- 
oped, Hke  the  speech  center  in  man. 

Decerebration  experiments, .  Further  evidence  of  the  importance  of 
the  brain  for  heat  regulation  is  seen  in  its  failure  when  the  entire  cere- 
bnmi  or  certain  of  its  parts  have  been  removed.  The  extent  of  the 
decerebration  operation  necessary  to  produce  poikilothermic  rabbits 
has  been  defined  with  a  fair  degree  of  exactness  by  Isenschmid  and 
Krehl  (74).     They  found  in  a  series  of  animals  that  the  power  to  resist 
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environmental  temperatures  fails  suddenly  when  the  transection  is 
located  at  a  point  just  anterior  to  the  center  of  the  optic  thalamus. 
Similarly  Citrone  and  Leschke  (26)  have  described  in  the  same  loca- 
tion a  "mid-brain"  puncture  by  which  the  connections  of  the  brain 
which  are  of  importance  for  heat  regulation  are  severed  from  the 
periphery. 

Rogers  (132)  has  shown  that  the  power  of  heat  regulation  is  lost  in 
decerebrate  pigeons  when  the  optic  thalamus  has  been  injured.  In 
such  experiments  as  these  it  has  been  shown  not  only  that  the  animals 
fail  to  regulate  against  changes  in  environmental  temperature  but  also 
fail  to  respond  to  many  drugs  and  infectious  agents.  For  example, 
Barbour  and  Deming  (8)  have  demonstrated  a  reversal  of  antipyrine 
action  in  decerebrate  rabbits.  This  was  confirmed  by  Isenschmid(73), 
who  has  extended  the  work  to  include  the  effects  of  salicylates  and 
other  drugs.  Increased  heat  production  can  be  thus  elicited  in  the 
absence  of  central  inhibition. 

Experiments  on  cord  section.  The  importance  of  the  central  nervous 
sjrstem  to  heat  regulation  is  well  demonstrated  by  experiments  in  which 
the  cord  has  been  severed  at  various  levels.  It  had  been  recognized 
clinically  for  a  great  many  years  that  lesions  of  the  spinal  cord,  par- 
ticularly in  the  cervical  region,  were  associated  with  marked  disturb- 
ances of  heat  regulation,  but  the  fact  remained  unexplained  that  in 
some  of  the  cases  hyperthermia  ensued  while  others  were  associated  with 
fall  of  temperature.  Gardiner  and  Pembrey  (45)  concluded  from 
clinical  study  that  the  general  effect  of  lesions  of  the  spinal  cord,  bar- 
ring compUcations  such  as  infection,  was  to  deprive  the  patient  of  heat- 
regulating  power  in  proportion  to  the  extent  of  the  paralysis.  (See 
also  Kennaway  and  Pembrey  (82).)  The  hyperthermias  could  then 
be  ascribed  to  restriction  of  the  heat  output  by  excessive  use  of 
blankets,  etc. 

Freund  and  Strasmann  (43)  investigated  the  "regulation  range"  of 
environmental  temperature  in  three  series  of  animals;  normals,  those 
with  section  of  the  fourth  to  eighth  segment  of  the  cervical  cord,  and 
those  with  section  of  the  dorsal  cord.  Normal  rabbits  withstood 
environmental  temperatures  of  6  to  31®C:  with  no  essential  change  in 
body  temperature.  Dorsal  cord  rabbits  regulated  poorly  outside  of 
the  limits  18  to  31^.  Cervical  cord  rabbits  were,  however,  practically 
poikilothermic  since  in  environments  varying  from  19  to  33°  their 
body  temperature  showed  an  equally  wide  range,  varying  from  28  to 
42°C. 
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Freund  (39)  ascribes  this  marked  difference  between  the  effect  of  the 
lower  cervical  and  the  upper  thoracic  operation  to  the  severance  of 
sympathetic  paths  leading  to  the  abdominal  viscera.  ^  More  recently 
he  has  shown  that  by  performing  in  addition  to  the  dorsal  cord  opera- 
tion a  double  vagotomy  just  below  the  diaphragm,  animals  become 
poikilothermic  to  essentially  the  same  extent  as  those  with  cervical 
cord  section.  This  is  probably  due  to  the  severance  of  sympathetic 
fibers.  If  instead,  the  dorsal  cord  operation  be  supplemented  either 
by  removal  of  the  stellate  gangUon  or  by  section  of  the  eighth  cervical 
and  first  dorsal  roots  a  similar  loss  of  heat  regulation  will  ensue. 

Freund  and  Grafe  (40)  have  made  extensive  studies  of  the  metab- 
olism of  animals  with  various  cord  operations.  Dorsal  cord  section 
plus  double  vagotomy  was  found  to  increase  the  total  metabolism,  and 
especially  the  protein  loss.  In  explanation  the  removal  of  central 
inhibitions  is  suggested.  After  such  an  operation  infectious  agents, 
including  trypanosomes,  swine-pest  bacilli,  or  hay  infusion,  increase 
neither  metabolism  nor  body  temperature.  This  argues  against  a 
toxogenic  protein  decomposition  in  infectious  fevers. 

Hdri  and  Janney  (56),  however,  have  failed  to  find  that  cord  opera- 
tions increase  the  total  metabolism.  They  state  that  metabolism 
becomes  diminished  by  one-quarter  or  more  by  cervical  section,  while 
below  this  no  effect  is  produced  except  possibly  a  sUght  increase. 

Hannemann  (55)  states  that  in  frogs  the  gaseous  exchange  is  increased 
by  decerebration. 

Investigations  on  the  brain.  Since  Ott's  (128)  time  many  have 
attempted  a  more  accurate  localization  of  anatomical  "heat  centers.^' 
(See  Liljestrand  and  Frumerie  (95),  also  Jacob j  and  Roemer  (75).) 
The  results  in  general  have  been  inconclusive,  although  the  best  results 
from  "heat  puncture"  have  usually  resulted  when  the  basal  nuclei 
were  involved.  The  last-mentioned  authors  regard  irritation,  disten- 
tion or  hyperemia  of  the  walls  of  the  lateral  ventricle  as  the  essential 
cause  of  heat  pimcture  hyperthermia.  They  find  that  corrosives  such 
as  phenol  or  mercury  when  introduced  into  one  of  the  lateral  ventricles 
also  produce  hyperthermia. 

The  subthalamic  region  was  successfully  punctured  by  Barbour  and 
Wing  (15)  in  experiments  where  the  needle  was  passed  through  the 
orbital  fossa  instead  of  from  above  and  the  relation  of  this  to  Isen- 
schmid  and  KrehFs  (74)  and  Citron  and  Leschke's  (26)  operations 
appears  to  make  this  point  of  considerable  significance.  These  facts 
suggest    coordination    between    heat   regulation    and    the    pituitary 
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gland.  Leschke  (93),  however,  ascribes  the  disturbances  in  the  water 
balance  associated  with  diabetes  insipidus  to  mid-brain  injury  rather 
than  to  disturbance  of  the  pituitary.  (Compare  Jungmann's  (77) 
"salt  puncture.")  Karplus  and  Kreidl  (81)  have  described  at  the  base_ 
of  the  optic  thalami  a  center  for  the  sympathetic  nervous  system 
whence,  for  example,  pupillary  dilatation  can  be  obtained  by  electrical 
stimulation.  This  region  bears  relations  therefore  both  to  the  vaso- 
motor and  fluid-regulating  mechanisms  of  the  body. 

Furthermore  the  mid-brain  bears  a  definite  relationship  to  the 
respiratory  center.  Garrelon  and  Langlois  (46)  as  well  as  Nicolaides 
and  Dontas  (125)  describe  a  "polypnea  center"  in  this  region.  The 
latter  find  that  if  the  medulla  be  separated  from  the  brain  heat  polyp- 
nea cannot  occur,  although  the  ordinary  respiratory  regulation  persists. 

It  is  possible  that  there  is  some  psychic  control  over  heat  regulation, 
for  Courtier  (29)  states  that  a  suggestion  of  heat  is  followed  within  a 
few  minutes  by  a  lowering  of  the  surface  temperatmre,  the  converse 
occurring  upon  a  suggestion  of  cold. 

Fraenkel  (37)  states  that  heat-regulatory  powers  are  poorly  devel- 
oped in  neuropathic  children. 

Although  Moore  (117)  is  probably  justified  in  doubting  the  infalli- 
bility of  the  old  "heat  puncture"  operation  as  a  means  of  producing 
fever  the  weight  of  evidence  which  has  now  accumulated  indicates 
that  the  processes  essential  to  heat  regulation  in  mammals  are  largely 
coordinated  at  the  base  of  the  brain. 

Heat  regulation  and  the  endocrine  glands:  Gautrelet  and 
Thomas  (47)  pointed  out  that  heat  regulation  becomes  much  disturbed 
by  removal  of  the  adrenals.  Elias  (34)  finds  "heat  puncture"  inde- 
pendent of  these  glands.  Freund  (39)  was  able  to  produce  fever  in 
dry-fed  rabbits  with  epinephrin  but  not  in  those  receiving  green  fodder. 
The  relation  of  epinephrin  "fever"  to  the  water  balance  is  therefore 
evident. 

Cushing  and  Goetsch  (31)  have  drawn  an  analogy  between  hiberna- 
tion and  hypopituitarism  and  have  suggested  that  other  glands  of 
internal  secretion  are  probably  without  function  during  hibernation. 
As  regards  the  thyroid,  this  conjecture  has  recently  been  confirmed  by 
\^  Adler  (1),  who  observed  very  marked  degenerative  histological  changes 
in  this  gland  in  hibernating  bats  and  hedgehogs.  Furthermore  he 
finds  that  protein-free  thyroid  extracts  will  awaken  hibernating  hedge- 
hogs, increasing  both  metabolism  and  body  temperature.  Thymus, 
adrenals  and  phenyl-ethyl-amine  all  gave  a  similar  result.    Thyroid 
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extract  is  similarly  effective  after  antipyrine  injections  in  hibernating 
hedgehogs,  but  only  partially  so  after  quinine  injections. 

Mills  (115)  had  shown  previously  that  a  warm  environment  increases 
the  colloid  matter  of  the  thyroid  gland  in  normal  guinea  pigs.  This 
increase  is  accompanied  by  a  flattening  of  the  epithelial  cells. 

Earelkin  (80)  found  that  thyroidectomized  animals  r^ulate  poorly, 
being  hypersensitive  to  external  heating  and  cooling,  as  well  as  to  pyret- 
ics  and  antipyretics. 

Mansfeld  (105)  has  emphasized  the  relationship  between  heat  regu- 
lation and  the  well-known  control  of  the  thyroid  over  oxidations.  The 
increased  protein  destruction  in  fevers  has  been  ascribed  by  Mansfeld 
and  Ernst  (106)  to  the  thyroid. 

Loewi  and  Weselko  (98)  have  found  "heat  puncture"  less  effective 
after  thyroidectomy.  They  state  further  that  after  this  operation 
there  occurs  no  increased  sugar  combustion  by  the  heart  such  as 
described  by  Mansfeld  (105)  for  animals  with  intact  thyroids. 

Mansfeld  and  Pap's  (107  a)  experiments  indicate  that  the  internal 
secretion  of  the  thyroid  controls  the  increase  and  decrease  of  sugar 
consumption  by  the  heart  after  cooling  and  heating  respectively. 

Fever:  Fever  may  be  defined  as  any  condition  of  positive  heat 
balance  not  due  solely  to  food,  exercise  or  environment. 

Heat  *  production  in  fever.  Infectious  and  neurogenic  fevers  are 
chiefly  attributable  to  partial  failure  of  the  heat-eliminating  mechanism 
in  ordinary  environments.  There  is  little  evidence  that  increased  heat 
production  is  primarily  at  fault;  for  increases  due  to  feeding,  exercise, 
etc.,  greatly  exceed  those  seen  in  fever.  In  the  case  of  **  chills,''  how- 
ever, such  as  those  of  malaria,  (16)  heat  production  is  probably  of  impor- 
tance, but  even  here  there  is  no  evidence  that  it  precedes  the  tempera- 
ture rise.  Coleman  and  DuBois  (28)  found  the  same  coincident 
increase  of  temperature  and  heat  production  in  typhoid  fever.  In 
tuberculosis  the  metabolism  is  increased  very  little  above  the  normal. 
(McCann  and  Barr  (112)  and  experiments  of  the  author.)  In  ana- 
phylactic and  other  fevers  Leschke  (93)  and  others  found  the  high 
temperature  even  associated  with  a  diminished  heat  production. 

Porcelli-Titone  (130)  also  found  great  variation  in  the  heat  produc- 
tion in  fevers  according  to  the  infectious  agent  used.  Under  some 
conditions  it  was  even  reduced  20  per  cent.  There  were  also  wide 
variations  in  individual  animals. 

A  toxogenic  heat  production  in  fever  is  denied  by  Freund  and  Grafe 
(40)  for  they  find  upon  the  introduction  of  infectious  agents  in  poikilo- 
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thermic  animals  that  with  the  failure  to  increase  the  temperature  is 
associated  an  unchanged  heat  production. 

The  production  of  infectious  fever  does  not  seem  to  require  the 
presence  of  glycogen  in  the  liver,  which  distinguishes  it  fundamentally 
from  "heat  puncture"  fevers  (133). 

Heat  elimination  in  fever.  The  failure  of  heat  elimination  to  keep 
pace  with  heat  production  during  the  temperature  rise  can  be  deduced 
from  the  fact  that  the  surface  of  the  body  becomes  paler  and  the  per- 
spiration diminished;  furthermore  if  the  blood  flow  through  the  periph- 
ery be  measured,  this  likewise  is  found  decreased. 

Hewlett  (62)  for  example,  has  shown  that  the  rate  of  blood  flow 
through  the  arm  becomes  much  diminished  during  the  onset  of  fever 
thus  accounting  for  the  tendency  against  an  increase  in  heat  elimination. 
Stewart  (146)  also  emphasizes  the  importance  of  reduced  blood  flow  in 
fever.  The  blood  is  assumed  to  be  sent  to  help  the  affected  organs. 
He  regards  the  rise  of  temperature  as  a  result  of  the  vasoconstriction. 

Soderstrom  and  DuBois  (144)  found  that  typhoid  patients  with  a 
rising  temperature  have  a  diminished  water  output.  With  falling 
temperature  vaporization  affords  an  abnormally  high  percentage  of 
the  calories  eliminated. 

Barr  and  DuBois  (16)  warn  us  that  the  skin  temperature  (which  of 
course  is  associated  with  the  flow  of  blood,  through  the  skin)  is  not 
necessarily  a  criterion  of  the  slow  or  rapid  elimination  of  heat,  for  it 
is  possible  for  the  sharp  bend  in  the  gradient  of  heat  output  to  occur 
at  some  deeper  level  in  the  body,  where  the  flow  of  blood  is  more  rapid. 
The  total  amount  of  heat  radiated  in  a  given  time  to  the  colder  super- 
ficial layers  of  the  body  and  thence  to  the  air  could  thus  be  as  great  as 
that  radiated  from  a  hot  skin  through  which  much  blood  is  flowing. 

Deficient  heat  elimination  in  fever  has  been  emphasized  by  Balcar, 
Sansum  and  Woodyatt  (5),  who  show  that  by  dehydrating  a  dog  with 
intravenous  injections  of  concentrated  dextrose  solution,  very  high 
temperatures  may  be  produced,  attributable  to  concentration  of  the 
blood  and  lack  of  water  available  for  giving  off  heat.  

Concentration  of  the  blood  is  a  marked  symptom  in  influenza  as 
shown  by  Underbill  and  Ringer  (150),  who  compare  this  condition  to 
poisoning  with  lethal  war  gases.  In  both  cases  loss  of  fluid  from  the 
blood  prognosticates  a  temperature  rise  and  a  change  for  the  worse,  the 
intravenous  introduction  of  fluids  often  saving  the  patient's  life. 

Parallel  to  the  initial  temperature  rise  in  coli  fever  in  dogs,  Barbour 
and  Howard  (12)  have  demonstrated  a  concentration  of  the  blood  sim- 
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ilar  to  that  seen  with  cold  baths.  During  this  concentration  Barbour 
and  Freedman  (9)  observed  a  marked  reduction  in  the  salivary  response 
to  pilocarpine.  This  accords  with  the  reduced  gastric,  secretion  in 
fever  noted  by  Meyer,  Cohen  and  Carlson  (114). 

Nervous  regulation  in  fever.  In  fever  it  is  said  that  the  body  ther- 
mostat is  "set  at  a  higher  level."  A  normal  temperature  becomes 
apparently  interpreted  as  "cold''  by  the  temperature  centers,  while 
one  of  40°  perhaps  feels  "neutral."  Similarly  the  skin  nerves  seem 
hypersensitive  to  cold,  or  hyposensitive  to  heat,  whence  the  subjective 
"chiU." 

This  alteration  in  sensitivity  on  the  part  of  the  nervous  apparatus 
might  be  attributed  to  a  depressing  action  of  toxins  upon  the  nervous 
system.  In  accord  with  this  idea  Head  and  Riddoch  (59)  note  in  all 
febrile  conditions  a  diminished  responsiveness  of  the  severed  spinal 
cord.  Storm  Van  Leeuwen  (147)  finds  that  38°C.  is  the  optimum 
condition  for  the  transmission  of  reflexes  through  the  cord.  They  dis- 
appear entirely  at  42°.  Furthermore  because  of  the  production  of 
polypnea  by  a  central  action  Nikolaides  and  Dontas  (125)  state  that 
the  effect  of  antipyretics  on  the  heat  center  is  one  of  stimulation. 

Because  of  the  effects  of  "stimulating"  the  base  of  the  brain  mechan- 
ically, electrically,  etc.,  it  has  been  said  that  the  heat  centers  are  '*stim- 
ulated"  in  fever.  If  one  explains  fever  by  the  dual  heat  center  theory 
of  Hans  Meyer  (113)  one  may  say  that  the  "  cooling  center"  is  depressed 
while  the  "heating  center"  is  stimulated.  Grafe  (51)  has  attributed 
fever  to  the  supposed  irritating  action  of  the  decomposition  products  of 
bacteria  or  of  the  injured  tissues  upon  the  heat  centers.  By  the  intra- 
cerebral introduction  in  properly  sensitized  animals  of  sV  to  tV  the 
necessary  intravenous  dose  of  sermn,  Hashimoto  (58)  has  produced 
anaphylactic  fever. 

That  the  nervous  mechanism  is  essential  to  some  fevers  is  shown  by 
the  failure  of  infectious  agents  to  act  after  mid-brain  section  (26),  (76) 
and  after  cord  section  (40),  (142). 

Water  and  salt  balance  in  fever.  It  has  been  pertinently  objected,  how- 
ever, that  some  fevers  can  be  produced  in  the  absence  of  the  heat- 
regulating  mechanism,  notably  the  sugar  dehydration  hyperthermia  of 
Woodyatt  (5).  This  investigator  rejects  the  neurogenic  theory  of 
fever  and  advances  the  idea  that  the  central  fact  to  which  a  positive 
heat  balance  must  be  attributed  is  a  deficit  of  free  water  in  the  body. 
Water  regulation  he  admits,  however,  may  in  part  be  under  vasomotor 
nervous  control. 
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According  to  Woodyatt,  in  ordinary  febrile  diseases  the  symptom  of 
fever  is  due  to  a  deficit  of  free-water  resulting  from  an  abnormal  tend- 
ency on  the  part  of  the  colloids  of  the  body  to  bind  water.  The  pro- 
vocative poison  leads  to  changes  which  increase  the  hydration  capaci- 
ties of  the  cell  colloids.  With  the  return  to  normal  body  temperature, 
as  f9r  example  in  the  crisis  of  pneumonia,  (136),  (101),  (100),  there  is 
a  notable  release  of  water  or,  more  exactly,  of  salt  solution  from  the 
tissues. 

Evidently  anhydrenria  promotes  excessive  sparing  of  heat.  Accept- 
ing the  water  balance  as  the  central  factor  in  fever,  we  are  never- 
theless obliged  to  correlate  its  behavior  with  that  of  the  nervous 
heat-regulating  mechanism. 

In  the  infectious  fevers  some  such  process  as  the  following  probably 
takes  place.  As  the  provocative  poison  reaches  the  tissues  (perhaps 
the  muscles  in  particular)  catabolic  changes  are  initiated  which  increase 
the  aflSnity  of  the  tissues  for  water.  This  general  demand  upon  the 
blood  for  water  tends  to  reduce  the  blood  volume,  especially  at  the 
expense  of  the  surface  blood.  The  skin  immediately  becomes  cooler, 
and  this  arouses  the  nervous  regulation  against  cold,  thus  exaggerat- 
ing the  processes  of  vasoconstriction  and  hemo-concentration.  This 
continues  until  the  blood  becomes  warm  enough  for  the  nervous  centers 
to  interpret  the  temperature  as  comfortable  or  neutral. 

Without  the  brain  there  is  apparently  no  infectious  fever,  and  unless 
the  water  loss  from  the  blood  be  extreme,  as  in  Woodyatt's  (5)  sugar 
dehydration,  the  nervous  mechanism  is  undoubtedly  involved  in  the 
production  of  fever. 

In  "heat  puncture"  fevers  and  the  like,  the  original  catabolic  proc- 
esses are  in  the  brain  tissue  itself.  They  must  result  in  imbibition, 
which  increases  the  intracranial  pressure.  This  initiates  a  vicious 
circle  in  which  the  tendency  is  toward  a  continually  increasing  pressure, 
for  the  external  cerebral  vessels  become  compressed  and  the  catabolic 
processes  which  incite  imbibition  are  augmented  by  the  anemia  thus 
produced  (25).  Increased  intracranial  pressure,  as  Moore  (117) 
points  out,  seems  to  incite  heat  sparing  processes  and  these  presumably 
include  the  tendency  of  the  tissues  to  deprive  the  blood  of  water. 

Pharmacology  of  heat  regulation:  Pyretics.  Chemical  agents 
may  produce  fever  in  a  variety  of  different  ways.  As  a  general  thing, 
as  with  infectious  fevers,  the  controlling  factor  is  presumably  anhy- 
dremia.    The  fate  of  the  water  varies  with  the  different  drugs. 
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Diuretics  produce  anhydremia,  by  causing  loss  of  water  presumably 
chiefly  through  the  kidneys.  Spiro  (145)  discusses  this  in  connection 
with  the  purines,  especially  theophyllin,  which  he  finds  concentrates 
the  blood.  This  explains  Isenschmid's  (73)  finding  that  caffeine 
increases  the  body  temperatiu'e  of  animals  deprived  of  their  heat 
centers. 

Mandel  (104)  observed  that  in  fever  there  is  often  a  relationship 
between  the  rise  in  temperature  and  the  appearance  of  purine  bases  in 
the  urine.  Xanthin  and  caffeine,  in  his  experiments,  both  caused 
febrile  temperatures,  which  could  be  neutralized  by  sodium  salicylate. 
Besides  caffeine  and  the  other  purines,  salts,  sugars  and  other  diuretics 
increase  the  body  temperature. 

The  numerous  studies  on  salt  fever  in  infants,  beginning  with  those 
of  Finkelstein,  led  to  the  placing  of  emphasis  on  the  water  balance. 
Peteri  reduced  the  transitory  fever  of  the  new-bom  by  giving  fluids  by 
mouth,  agreeing  with  Heim  and  John  in  speaking  of  this  as  a  desicca- 
tion fever.     (See  Balcar,  Sansum  and  Woodyatt  (5).) 

Roily  and  Chrjstiansen  (134)  state  that  intravenous  injections  of 
3  per  cent  but  not  of  normal  saUne  solutions  always  increase  the  tem- 
perature in  rabbits.  

Wideroe  (154)  has  obtained  varying  degrees  of  fever  as  a  result  of 
injecting  different  salts  and  attributes  the  differences  to  the  individual 
ions.  Sodium  appeared  to  be  the  least  effective  of  the  kations;  chlo- 
rides and  bromides  always  caused  a  temperature  rise. 

Fever-inducing  cathartics,  among  which  Berrar  (21)  studied  aloin, 
promote  a  loss  of  water  by  way  of  the  alimentary  canal. 

In  curarized  animals  Freund  and  Schlagintweit  (42)  found  the 
susceptibility  to  fever  from  sodium  chloride  as  well  as  from  aloin 
retained. 

Sympathetic  poisons,  epinephrin,  tyramine,  and  other  amines,  espe- 
cially beta-tetrahydronaphthylamine  ("B-tetra")  as  well  as  ephedrin, 
all  produce  fever.  In  the  case  of  epinephrin,  at  least  in  many  species, 
water  is  lost  from  the  blood  to  the  Uver  cells  and  the  lymph  circulation 
as  has  been  shown  by  Lamson  (88). 

Cramer  (30)  attributes  B-tetra  fever  to  over  stimulation  of  the 
''thyroid-adrenal"  apparatus  and  claims  that  it  fails  to  appear  in  a  cool 
environment.    He  likens  it  to  heat-stroke. 

Hashimoto  (58)  found  that  the  fever  curve  induced  by  sympathetic 
poisons  or  by  large  amounts  of  cocaine  could  not  be  influenced  by 
heacing  or  cooling  the  basal  nuclei,  although  after  small  doses  of  cocaine 
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it  could  be  influenced.  On  the  other  hand,  application  of  cold  as  well 
as  of  heat  to  the  heat  centers  was  able  to  exert  an  influence  upon 
fevers  produced  either  by  killed  typhoid  bacilli  or  by  anaphylaxis  or 
sodium  chloride.  From  these  experiments  he  concluded  that  the 
sympathetic  and  cocaine  fevers  should  be  attributed  to  direct  chemical 
stimulation  of  the  "heating  centers"  with  secondary  automatic  inhibi- 
tion of  the  "cooling  centers''  of  Hans  Meyer,  while  the  infectious  and 
salt  fevers  are  an  expression  of  increased  irritability  of  the  heat  centers. 
In  interpreting  such  results,  one  must  consider  that  the  failure  or 
success  in  influencing  the  fever  curve  may  be  after  all  piurely  a  quanti- 
tative matter,  dependent  on  the-  strength  of  the  opposing  influence 
irrespective  of  the  mechanism. 

Isenschmid  (73),  with  B-tetra,  increased  the  gas  exchange  of  rabbits 
after  operative  destruction  of  the  heat  centers. 

In  the  thermogenic  action  of  cocaine  muscular  activity  is  prominent, 
but  I  find  also  that  the  blood  may  become  very  concentrated.  Isen- 
schmid states  that  the  thermogenic  action  of  cocaine  occurs  in  the 
absence  of  the  heat  centers. 

Adler  (1)  finds  that  the  hibernating  hedgehog,  from  which  the  central 
heat  regulating  mechanism  has  been  excluded  by  operation,  responds 
-to  injection  of  certain  hormones,  of  epinephrin,  and  of  proteinogenous 
amines  by  a  considerable  increase  in  body  temperature.  This  increase 
occurs  also  in  hibernating  hedgehogs  after  paralysis  of  the  sympathetics 
by  ergotoxin.  It  is  also  observable  after  both  procedures.  The  tem- 
perature rise  under  all  of  these  conditions  is  not  as  great  as  when  the 
"heat  centers,"  or  the  sympathetics  are  intact. 

These  efifects  must  probably  be  explained  by  the  redistribution  o^ 
water  by  the  sympathetic  stimulants.  The  case  is  one  in  which  the 
nervous  system  contributes  to  fever  but  is  not  essential. 

Githens  (49)  finds  that  ergotoxin  raises  the  temperature  of  cats  and 
rabbits.  It  is  effective  in  the  latter  after  curare  but  not  after  decapi- 
tation or  ether.  It  is  therefore  assumed  to  act  through  the  heat 
centers.  Cmiously  enough,  in  rats,  mice,  and  pigeons  it  depresses  the 
temperature. 

Hemolytic  fever  and  the  like  probably  result  from  the  action  of 
decomposition  products  of  the  blood  cells  exerting  an  influence  upon 
the  tissues  similar  to  that  produced  by  the  agents  of  infectious  fever. 
Yamakami  (158)  has  shown  that  temperature  curves  due  to  the  injec- 
tion of  distilled  water  are  parallel  to  those  resulting  from  the  injection 
of  hemoglobin,  etc. 
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Bock  (23)  has  noted  that  the  introduction  of  indifferent  particles, 
such  as  finely  divided  paraflSn,  into  the  blood  stream,  increases  the 
body  temperature.  This  may  be  brought  about  by  some  diminution 
in  the  blood  flow  through  the  periphery.  Other  pyretic  substances 
include  hematoxylin  and  related  compoimds  (151)  and  Uquid  paraffins 
(138). 

Depressants,  Drugs  which  are  usually  classed  as  depressants  in 
general  reduce  the  body  temperature  in  all  cases  where  the  environ- 
mental conditions  are  normal.  This  is  seen  particularly  in  the  case  of 
alcohol  and  the  general  anesthetics  as  well  as  with  morphine.  These 
substances  usually  favor  blood  dilution  and  peripheral  dilatation. 

The  inhibiting  influence  of  morphine  upon  the  fluid-regulating 
mechanism  of  the  body  has  been  demonstrated  by  Bogert,  Mendel  and 
Underbill  (24).  This  may  account  for  the  influence  of  this  depressant 
in  rendering  animals  poikilothermic. 

An  example  of  depression  of  the  chemical  regulation  by  drugs  is 
seen  in  the  work  of  Magne  (103),  who  showed  that  shivering  move- 
ments are  inhibited  by  apomorphine. 

Magnesium  salts  were  shown  by  Schultz  (139)  to  be  antipyretic 
even  in  subnarcotic  doses.  Calcimn,  although  it  antagonizes  mag- 
nesium narcosis,  seems  to  enhance  the  antipyretic  action. 

Ethylenediamine  is  also  antipyretic  in  subdepressant  doses.  Toler- 
ance to  this  effect  is  readily  acquired  (11). 

Chlorine  in  high  concentrations  behaves  Uke  a  depressant  drug  in 
rendering  animals  poikolothermic  although  low  concentrations  produce 
hyperthermia  at  ordinary  temperatiu'es  (6).  The  temperature  changes 
produced  by  the  lethal  war  gases  are  parallel  to  the  blood  concentra- 
tion; the  latter  seem  to  account  for  the  former  (150). 

Attempts  to  influence  the  body  temperatiwe  by  heating  and  cooling 
the  brain  during  general  anesthesia  are  usually  unsuccessful  (58),  thus 
confirming  the  conjecture  that  anesthetics  inhibit  the  function  of  the 
heat  center. 

O'Connor  (126),  however,  has  increased  the  blood  flow  through  the 
limbs  of  cats  anesthetized  with  chloretone  or  veronal  by  heating  the 
brain  to  a  temperature  still  subnormal,  or  the  skin  up  to  normal  body 
temperature  The  former  experiment  might  be  interpreted  as  showing 
hypersensitivity  to  warmth. 

Wideroe  (154)  showed  that  during  ether  narcosis  no  salt  hyper- 
thermia can  be  produced.  These  depressants  are  known  to  have 
antidiuretic  properties  thus  favoring  an  increased  water  content  of 
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the  blood.  Since  they  as  a  rule  increase  the  blood  sugar  this  fact 
may  be  brought  into  relation  with  their  antipyretic  action,  as  will 
appear  below.  • 

Antipyretics,  Substances  which  reduce  the  temperature  in  febrile 
and  similar  states  but  not  in  normal  conditions  unless  the  dosage  be 
excessive  are  termed  antipyretics. 

Acetyl-saUcyUc  acid  in  doses  reducing  fever  temperature  by  1®C. 
increased  heat  elimination  in  my  series  of  cases  by  38  per  cent.  Simi- 
larly, a  decrease  in  elimination  was  observed  during  the  return  to  fever 
temperature.  The  heat  production  was  but  little  altered.  Antipy- 
retics therefore  act  chiefly  upon  the  heat-dissipating  mechanism. 
Barbour  and  Herrmann  (10)  have  contributed  evidence  bearing  on  the 
mechanism  of  the  increase  in  heat  elimination.  Salicylates,  antipyrine 
and  quinine,  in  dogs  under  normal  conditions,  tend  to  increase  slightly 
the  body  temperature  and  blood  solids.  In  coli  fever  these  drugs 
dilute  the  blood,  thus  accounting  for  the  fall  in  temperature!  All 
these  substances  increase  the  blood  sugar  which  (by  osmosis)  may 
account  for  the  blood  dilution  in  febrile  cases,  in  which  the  water 
reserve  of  the  tissues  is  increased  at  the  expense  of  the  blood. 

Antipyretics  inhibit  adrenalin  glycosuria,  but  Mansfeld  and  Purjesz 
(108)  have  shown  that  this  is  a  renal  effect;  thus  an  antidiuretic  effect 
favoring  increased  blood  sugar  and  blood  volume  is  obtained. 

Dextrose,  intravenously  given,  as  shown  by  Barbour  and  Howard 
(12),  resembles  the  antipyretics  in  that  it  reduces  the  temperature  in 
fever,  causing  the  blood  to  become  more  dilute  than  under  normal 
conditions.  This  supports  the  contention  that  blood  sugar  plays  a 
r61e  in  antipyretic  action.  Barbour  and  Baretz  (7)  found  that  acacia 
similarly  tends  to  dilute  the  blood  in  fever  and  to  reduce  the  tempera- 
ture, which  it  does  not  do  in  normal  animals. 

Wiechowski  (155)  showed  that  antipyrine  and  similar  substances 
relax  the  brain  vessels  in  fever  but  not  in  normal  animals. 

Notwithstanding  the  central  action  of  antipyretic  drugs  Yamamoto 
(159)  noted  no  appreciable  difference  in  the  amounts  of  saUcylic  acid 
and  acetyl-saUcyUc  acid  present  in  brain  tissue  in  rabbits,  although  the 
latter  drug  is  much  more  powerful  than  the  former. 

According  to  Piccini  (129)  antipyrine,  phenacetine  and  acetanilid 
all  diminish  the  total  oxygen  of  the  arterial  blood. 

Hashimdto  (58)  noted  certain  differences  between  antipyrine  and 
salicylates  on  the  one  hand  and  quinine  on  the  other.  The  antipyretic 
effect  of  the  former  could  be  increased  by  the  heat  stimulus  to  the 
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basal  nuclei  or  could  be  completely  counteracted  by  the  cold  stimulus 
within  half  an  hour.  On  the  other  hand,  during  quinine  action  the 
heat  and  cold  appUcations  were  both  quite  ineflfective.  He  interprets 
tMs  as  a  confirmation  of  the  old  idea  that  the  quinine  effect  is  not 
brought  about  through  the  heat  centers  but  through  direct  metaboUc 
inhibition.  This,  however,  could  be  equally  well  interpreted  as  show- 
ing that  quinine  has  a  depressant  action  upon  the  brain  similar  to  that 
exhibited  by  the  anesthetics.  Hashimoto  himself  demonstrated  such 
an  action  in  the  case  of  morphine. 

He  finds  fiuiiher  that  convulsive  and  medulla  poisons  (picrotoxin, 
santonin,  veratrin,  and  digitalin)  reduce  body  temperature  and  subse- 
quent heating  the  centers  may  produce  a  still  further  fall,  but  cooling 
produces  no  rise.  These  results  lead  him  to  conjecture  that  such 
poisons  do  not  depress  the  "heating  center"  directly,  but  stimulate 
the  antagonistic  parasympathetic  "cool  centers"  (said  to  reside  in  the 
medulla)  primarily  and  directly.  Camphor,  of  which  the  point  of 
attack  as  a  convulsive  poison  lies  in  the  cerebrum,  behaves  like  an 
antipyretic  in  that  cooling  and  heating  of  the  centers  is  able  to  affect 
the  camphor  temperature  fall,  whence  it  is  concluded  that  the  anti- 
pyretic effect  of  camphor  like  that  of  antipyrine  is  through  the  "heating 
centers"  and  not  as  with  picrotoxin  in  the  "cooling  centers." 

Krauss  (86)  has  shown  that  the  antipyretic  effect  of  nitrites  is  greater 
after  "heat  puncture"  than  in  normal  animals. 

Magyary-Kossa  (102)  has  pointed  out  the  antipyretic  effect  of  car- 
bon dioxid  (by  inhalation  or  asphyxial  procedures).  It  is  seen  in  nor- 
mal as  well  as  in  febrile  conditions. 

Heat  regulation  and  carbohydrate  metabolism:  When  the 
environmental  temperature  is  varied  Freund  and  Marchand  (41)  as 
well  as  Silberstein  (140)  have  described  corresponding  changes  in  the 
blood  sugar  content  which  becomes  less  with  heat  and  greater  with 
cold.  These  effects  might  be  attributed  partly  to  dilution  and  concen- 
tration respectively  of  the  blood. 

Kramer  and  CoflSn  (85)  found  hyperglycemia  in  dogs  exposed  to  cold 
for  a  day  or  more  although  not  for  briefer  periods;  Lee  and  Scott 
noticed  that  the  blood  sugar  of  animals  which  have  been  exposed  to 
environments  of  33**C.  with  average  humidity  of  90  per  cent  is  only 
94  per  cent  of  the  normal  amount. 

As  described  by  Lepine  (92),  while  extreme  refrigeration  causes  the 
blood  sugar  to  increase  and  then  disappear,  reduction  of  an  animal's 
temperature  only  to,  say  36°C.,  gives  a  more  lasting  hyperglycemia. 
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According  to  Freund  and  Marchand  (41)  an  environment  sufficiently 
warm  to  raise  a  rabbit's  own  temperature  will  also  give  hyperglycemia. 
They  observed  the  lowest  blood  sugar  content  at  environmental  tem- 
peratures between  SO*'  and  34®C.  But  nervous  control  of  temperature 
is  independent  of  the  blood  sugar  for  heat  regulation  was  foimd  intact 
in  phloridzinized  dogs. 

In  fevers  Lepine  (92)  has  investigated  the  blood  sugar  content  and 
usually  finds  it  little  altered.  In  cases  where  there  is  hyperglycemia 
he  attributes  it  to  an  irritating  effect  of  fever  toxins  upon  the  fourth 
ventricle.  Freund  and  Marchand  (41)  showed  fairly  constantly  an 
increase  in  the  blood  sugar  content  in  fever  but  this  was  of  such  a 
degree  as  may  well  be  accounted  for  by  blood  concentration. 

The  effect  of  dextrose  administration  or  injection  upon  the  body 
temperature  appears  to  depend  largely  upon  whether  it  results  in  dilut- 
ing or  concentrating  the  blood.  During  the  stage  of  dilution  it  cer- 
tainly acts  as  an  antipyretic  in  fever  (12).  When  however  it  produces 
marked  dehydration  it  raises  the  temperature  (5). 

Fever  and  antipyretics  exert  Uttle  effect  upon  the  respiratory  quotient. 

Body  temperature  is  regulated  by  water-shiphng,  but  u^^)ER 
NERVE  control:  As  the  organism  finds  itself  in  an  increasingly 
favorable  environment  it  inclines  toward  an  attitude  of  outspread 
relaxation;  but  upon  the  approach  of  unfavorable  conditions  a  tend- 
ency to  assume  a  spherical  form  is  seen.  These  facts  are  well  illus- 
trated in  single  cell  organisms.  Their  purposefulness  is  obvious  when 
the  unfavorable  condition  happens  to  be  temperature. 

Of  the  two  extremes  of  temperature  man's  chief  enemy  is  the  cold, 
and  must  become  more  so  with  the  passing  of  time  if  the  physical  fate 
of  the  world  be  correctly  predicted.  Besides  the  voluntary  assumption 
of  a  drawn-together  position  to  protect  against  cold,  the  water  reserve 
of  the  body  is  withdrawn  from  the  surface  to  the  better  insulated  parts. 
With  warm  environments  however  the  water  is  not  only  brought  to 
but  poured  freely  over  the  surface  of  the  outspread  body. 

In  general  the  higher  the  development  of  the  animal  the  greater 
becomes  the  capacity  for  dissipation  of  heat,  while  the  mechanism  for 
saving  or  dispersing  it  becomes  correspondingly  more  complex,  as  is 
seen  for  example  in  the  water-shifting  r61e  of  the  nervous  system. 

The  shock  of  cold  is  akin  to  that  of  the  emotions,  asphyxia,  etc., 
hence  Cannon's  (25)  ideas  concerning  the  nerve-adrenal  complex  may 
be  appUed  to  the  heat  regulating  mechanism,  for  the  shock  of  cold  will 
undoubtedly  discharge  epinephrin  into  the  blood,  blanch  the  skin  and 
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drive  water  out  of  the  circulation.     (Lamson's  (88)  epinephrin  poly- 
cythemia.) 

Whether  or  not  the  adrenal  secretion  is  of  significance,  the  part 
played  by  the  nervous  system  is  essential. 


»*  III 

10  12 

Fig.  1.  Effects  of  cool  (20°C.)  bath  upon  dog  with  and  without  nervous  Jieat 
regulation.  Upper  two  curves,  normal  dog;  lower  two  curves,  dog  after  section 
of  sixth  cervical  cord  segment;  continuous  lines,  temperature;  broken  lines,  blood 
solids. 

Note  that  normal  dog  keeps  temperature  from  falling  by  means  of  blood  <;on- 
centration.  Cord  section  dog  is  poikilothermic  because  blood  concentrating 
mechanism  is  broken  down. 

This  mechanism  is  illustrated  by  experiments  I  have  recently  per- 
formed with  E.  Tolstoi  (14).  In  the  accompanying  figure  the  upper 
two  curves  illustrate  the  behavior  of  a  normal  dog  in  a  cool  bath  (20**C.). 
The  body  temperature  (continuous  line)  is  maintained, — even  raised 
slightly;  this  is  accomplished  by  blood  concentration  (the  broken  line 
represents  the  blood  solids).  In  the  two  lower  curves  are  seen  the 
behavior  under  the  same  treatment  of  a  dog  with  spinal  cord  severed 
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at  the  sixth  cervical  segment.  The  body  temperature  falls  steeply 
because  the  blood  fails  to  become  concentrated.  The  connection  between 
the  temperature  sense  nerve  endings  and  the  water  shifting  mechanism 
has  been  severed. 
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STRUCTURE  AND  SIGNIFICANCE  OF  THE  PHOSPHATIDES 

P.  A.  LEVENE 

BIBLIOGRAPHY 

IDA  P.  ROLF 

The  Rockefeller  Institute  for  Medical  Research,  New  York  City 

The  present  review  is  written  at  the  request  of  the  editors  of  this 
journal.  The  author  hesitated  to  accept  the  invitation,  in  view  of  the 
fact  that  the  literature  on  the  subject  has  been  only  recently  reviewed 
in  the  admirable  monograph  by  Hugh  MacLean.  The  views  of  this 
author  and  of  the  present  writer  agree  so  closely  that  there  seemed  little 
ground  for  the  present  undertaking.  However,  even  in  the  short  lapse 
of  time  since  the  appearance  of  MacLean's  work,  some  new  contribu- 
tions have  beien  made.  Furthermore,  the  present  writer  was  impressed 
by  the  argument  that  it  is  intended  to  supplement  this  review  at  irregu- 
lar intervals  with  further  reviews,  when  the  growth  of  the  material  of 
the  subject  will  call  for  such.^ 


The  name  phosphatide  indicates  a  substance  containing  phosphorus 
in  its  molecule.  There  exists,  however,  a  great  number  of  phosphorus- 
containing  organic  compoimds  which  are  not  classified  as  phosphatides. 
The  name  is  conventional  and  is  attributed  to  such  esters  of  phosphoric 
acid  as  resemble  fats.  With  these  fats  they  are  extracted  from  animal 
and  plant  tissues  by  the  usual  fat  solvents,  and  as  these,  they  3deld 
higher  aliphatic  acid  under  the  action  of  hydrolytic  agents. 

In  the  attempt  to  classify  phosphatides,  a  great  diversity  of  stand- 
ards has  been  employed  by  individual  writers.  The  older  workers  and 
the  less  critical  of  the  recent  workers  based  their  classification  either 

*  Since  these  lines  were  written  two  new  summaries  have  appeared,  one  by 
Foumeau  and  the  other  by  Zunz,  both  very  interesting,  and  both  are  highly 
recommended  to  students  on  the  subject  of  phosphatides. 
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entirely  on  physical  properties  (Vauqiielin,  Couerbe,  Fremy)  or  on  a 
consideration  of  solubility  combined  with  that  of  the  ratios  of  the 
nitrogen  to  phosporus  equivalents  in  the  molecules  of  individual  sub- 
stances. This  mode  of  classification  led  to  claims  for  the  existence  of 
a  great  many  individual  substances,  the  reality  of  which  today  seems 
doubtful.  The  discussion  of  substances  of  debated  reaUty  has  no 
place  in  a  short  comprehensive  review. 

The  group  of  phosphatides  whose  individuaUty  is  based  on  the  study 
of  chemical  structure  is  short  in  number.  It  embraces  only  the  three 
generic  substances,  lecithin,  cephalin  and  sphingomyelin.  MacLean 
was  guided  by  similar  considerations,  limiting  the  discussion  in  his 
monograph  to  four  phosphatides:  the  three  just  mentioned,  and  cuorin. 
Since  then,  it  was  shown  by  Levene  and  Komatsu  that  cuorin  is  a  mix- 
ture of  decomposition  products  of  cephalin  and  lecithin.  This  was 
substantiated  by  the  observation  of  MacLean  who  found  that  strictly 
fresh  heart  muscle  is  free  from  cuorin.  Thus,  the  ^number  of  well 
defined  phosphatides  is  limited  to  three.  This  view  was  expressed  by 
Levene  in  1916  and  has  recently  been  accepted  by  MacLean.  The 
present  review  will  record,  therefore,  the  recent  progress  of  the  work 
on  the  three  named  substances. 

II.   PREPARATION   OF  PHOSPHATIDES 

For  the  extraction  of  phosphatides  the  same  solvents  in  general  are 
used  now  as  were  employed  by  the  pioneer  workers,  namely,  alcohol, 
ether,  petroUc  ether  and  acetone.  By  means  of  hot  alcohol  alone  all 
the  phosphatides  may  be  extracted.  Each  of  the  other  solvents  is 
capable  of  extracting  only  certain  of  the  phosphatides.  Thus,  acetone 
in  the  presence  of  fat  extracts  principally  unchanged  lecithin  and 
cephalin,  the  extraction  being  incomplete.  Ether  extracts  lecithin, 
cephalin  and  products  of  their  partial  hydrolysis,  and  also  small  quan- 
tities of  sphingomyelin. 

In  practice  it  was  found  expedient  to  select  the  extracting  reagent 
according  to  the  purpose  of  the  extraction.  When  it  is  desired  to  ob- 
tain very  pure  lecithin  or  pure  cephalin,  the  acetone  extract  is  em- 
ployed. When  the  object  of  the  extractioii  is  the  preparation  of  all 
unsaturated  phosphatides,  then  ether  is  chosen  as  the  reagent.  Finally, 
when  it  is  desired  to  prepare  sphingomyelin,  the  dried  tissues  are 
extracted  directly  by  means  of  alcohol. 

As  a  matter  of  routine,  all  three  reagents  are  employed  consecutively, 
the  procedure  being  as  follows.   The  organs  are  minced  and  dried  in  a 
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vacuum  drier.  The  dry  material  is  then  pulverized  and  extracted  con- 
secutively with  acetone,  ether  and  alcohol.  Each  of  the  extracts  is 
worked  over  separately.    Thus  three  fractions  are  obtained  as  follows: 

1.  The  acetone  extract  contains  lecithin  and  cephaUn  and  only  a 
small  proportion  of  their  decomposition  products.  The  fraction  of 
phosphatides  obtained  by  this  reagent  will  be  referred  to  later  in  the 
discussion  as  the  acetone  fraction.  This  fraction  is  the  one  best  suited 
for  the  preparation  of  pure  lecithin. 

2.  The  crude  etherial  extract  contains  unchanged  lecithin  and  ceph- 
alin,  associated  with  the  products  of  their  partial  decomposition.  This 
fraction  can  be  separated  into  two  subfractions.  One  is  soluble  in  cold 
as  well  as  in  hot  alcohol  and  is  commonly  named  "lecithin";  and  the 
other  is  soluble  in  ether  but  insoluble  in  alcohol,  and  is  generally  referred 
to  as  "cephalin.'' 

3.  When  desiccated  brain  powder  is  extracted  with  warm  alcohol, 
the  clear  filtrate  on  standing  gives  rise  to  a  white  precipitate,  the  **  White 
Matter''  of  VauqueUn. 

Historiccd.  The  progress  of  the  methods  of  extraction  proceeded  as 
follows.  Fourcroy  (1793)  was  practically  the  first  to  note  the  sub- 
stances which  are  now  referred  to  as  phosphatides.  He  employed  only 
one  extractive,  namely,  alcohol.  Couerbe  (1834)  then  employed  both 
ether  and  alcohol.  Attempts  by  later  workers  to  replace  ether  by  low 
boiling  gasoline  or  by  benzene  have  not  met  with  success. 

One  of  the  most  important  advances  in  the  development  of  the  chem- 
istry of  phosphatides  was  made  by  the  introduction  of  acetone  by  Alt- 
man  and  Luebser  (1899).  Acetone  was  suggested  for  the  separation 
of  unsaturated  phosphatides,  lecithin  and  cephalin,  from  fats  and  cho- 
lesterol. However,  Luebser  realized  that  the  separation  accompUshed 
by  it  was  not  complete.  Some  phosphatides  were  found  in  the  acetone 
extract,  while  the  crude  acetone  precipitate  was  found  to  contain  a 
variety  of  impurities.  True,  Frfinkel  and  his  co-workers  claimed  to  have 
isolated  from  the  acetone  extract  peculiar  phosphatides  differing  from 
lecithin  and  cephalin.  These  claims,  however,  were  not  substantiated 
by  more  recent  workers  (Levene  and  his  co-workers).  Acetone,  never- 
theless, remains  among  the  most  important  reagents  in  the  chemistry 
of  phosphatides. 

Other  reagents  have  been  introduced  principally  for  the  purification 
of  individual  phosphatides.  Thus,  cadmium  chloride  was  first  employed 
by  Strecker  in  1869  for  the  isolation  of  lecithin.  This  reagent  was 
reintroduced  by  Bergell  in  1900.    To  Bergell  also  belongs  the  credit  for 
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simplifying  the  process  of  conversion  of  the  cadmium  salts  of  lecithin 
into  the  free  substances.  He  suggested  for  this  purpose  the  use  of 
anunonium  carbonate  instead  of  the  hydrogen  sulfide  employed  by  the 
older  workers.  More  recently,  Levene  and  Rolf  in  work  as  yet  impub- 
lished  employed  for  this  piupose  methyl  alcohol  saturated  with  gaseous 
ammonia. 

The  methods  for  the  separation  and  isolation  of  cephalin  have  not 
made  as  much  progress  as  those  of  4ecithin.  Thudichum  (1884)  advo- 
cated the  uses  of  lead  acetate,  and  all  other  workers  have  separated 
cephaUn  from  lecithin  by  means  of  alcohol. 

The  isolation  of  the  third  phosphatide,  sphingomyeUn,  is  still  very 
laborious  and  compUcated.  Thudichmn  in  1884  separated  it  from  cere- 
brosides  by  fractional  precipitation  from  alcohol,  and  fiuliher  purified 
the  substance  by  means  of  cadmium  chloride.  No  further  advance  in 
the  procedure  of  its  preparation  was  made  until  1908,  when  Rosenheim 
and  Tebb  introduced  pjoidin  as  reagent.  In  1914  a  more  efficient 
method  was  developed  by  Levene. 

In  the  work  on  unsaturated  phosphatides  much  use  was  made  in 
recent  years  of  catalytic  hydrogenation.  First  Paal  and  later  Riedel 
have  shown  that  lecithin  in  alcoholic  solution  can  be  hydrogenatedin 
the  presence  of  colloidal  palladium.  Levene  and  his  co-workers  have 
appUed  the  process  advantageously  for  the  solution  of  many  problems 
pertaining  to  the  structure  of  lecithin  and  cephalin.. 

ni.   STRUCTURE   OF  INDIVIDUAL  PHOSPHATIDES 

In  this  discussion  of  the  chemical  structure  of  individual  phosphatides, 
first  place  will  be  given  to  the  analysis  of  the  present  day  theory;  the 
older  views  and  the  controversial  points  will  then  be  given  in  brief  in 
the  form  of  a  historical  sketch. 

A,  Lecithin.  The  present  conception  of  the  structure  of  lecithin  is 
expressed  by  the  following  graphic  formula: 

CH2OOCR 

I 

CH  OOCR, 

0 

II  (D 

CHr-0— P— O— C2H4N  =  (CHb), 

I  I 

OH  OH 
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This  formula  expresses  the  view  that  the  molecule  of  lecithin  is  composed 
of  phosphoric  acid  combined,  on  one  hand,  with  a  diglyceride,  and  on 
the  other,  with  a  base,  cholin.  It  further  postulates  that  all  parts  are 
linked  into  one  molecule  through  ester  linking.  This  form  of  Unking 
lends  to  the  molecule  a  certain  degree  of  lability. 

Components  of  lecithin.  Varying  the  conditions  of  hydrolysis,  it  is 
possible  to  obtain  from  lecithin  all  the  components  required  by  theory; 
namely,  fatty  acids,  glycerol,  cholin  and  phosphoric  acid.  Naturally 
only  those  conclusions  as  to  the  nature  of  the  constituents  are  binding, 
which  have  been  obtained  on  material  free  from  impurities.  Unfor- 
tunately all  the  older  work  was  done  on  material  which  did  not  meet 
this  requirement.  Analyses  of  pure  material  were  only  recently  pre- 
sented by  Levene  and  his  co-workers. 

Base,  Pure  lecithin  contains  only  one  base,  choUn.  MacLiean  was 
perhaps  the  first  to  prepare  lecithin  which  did  not  contain  amino  groups. 
Levene  and  Rolf  have  perfected  the  method  of  preparation  and  have 
prepared  the  material  in  quantities  suflScient  for  complete  analysis. 
The  principal  impurity  of  the  lecithin  of  the  older  writers  wascephalin. 
This  was  assumed  by  MacLean  and  experimentaUy  demonstrated  by 
Levene  and  West.  Hence,  material  free  from  aminoethanol  may  be 
regarded  as  lecithin  free  from  impurities,  provided  its  elementary  com- 
position agrees  with  that  required  by  formula  (I). 

Glycerol.  As  regards  the  presence  of  this  component,  the  evidence 
of  the  older  workers  was  perfectly  satisfactory.  As  early  as  1850  Gob- 
ley  proved  its  presence  beyond  doubt,  and  later  Miss  Foster  found  the 
experimental  proportions  to  agree  with  those  required  by  the  theory.  It 
is  true  that  the  material  which  served  for  such  analyses  was  not  free 
from  cephalin.  However,  since  cephalin  and  lecithin  contain  approxi- 
mately the  same  proportions  of  glycerol,  the  recorded  data  on  the  glyc- 
erol estimation  are  still  valid  in  formulating  the  theory  of  the  structure 
of  lecithin. 

Phosphoric  Add.  The  proportion  of  this  component  is  easily 
determined  from  the  phosphorus  content  of  the  analyzed  material. 
On  this  point  the  observations  of  the  older  writers  are  acceptable,  since 
the  presence  of  cephalin  and  of  small  proportions  of  decomposition 
products  should  but  slightly  affect  the  phosphorus  content  of  a  given 
sample  particularly  when  the  limits  of  error  of  the  method  are  taken 
into  account. 

Fatty  acids.  The  question  of  the  fatty  acids,  present  in  the  molecule 
of  lecithin  deserves  special  attention.    Much  of  what  has  been  written 
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about  lecithins  and  many  of  the  physiological  and  biological  properties 
attributed  to  them  were  associated  with  the  problem  of  their  fatty 
acids.  The  samples  of  lecithin  analyzed  in  this  respect  were  obtained 
from  egg  yolk  and  from  the  brain  and  liver  of  cattle  (Levene  and  Rolf, 
Levene  and  Ingvaldsen,  and  Levene  and  Simms).  The  samples  from 
the  egg  yolk  and  from  the  brain  seemed  identical  in  respect  to  their 
fatty  acids.  Both  contain  one  imsaturated  and  two  saturated  acids. 
The  unsaturated  acid  was  identified  as  oleic.  In  this  acid  the  number 
of  the  unsaturated  bonds  was  determined  by  the  iodine  and  by  the 
hydrogen  values.  The  number  of  carbon  atoms  was  established  by  the 
analysis  of  the  hydrogenated  product,  which  was  identified  as  stearic 
acid.  The  saturated  fatty  acids  were  found  to  consist  of  palmitic  and 
stearic  acids.  Each  of  these  was  isolated  in  pure  state.  In  every 
instance  the  identity  of  an  acid  was  estabUshed  on  the  basis  of  elemen- 
tary composition,  melting  point  and  molecular  weight. 

The  fatty  acids  of  the  Uver  lecithin  differ  from  those  of  the  lecithins 
obtained  from  the  other  two  organs  in  the  character  of  the  imsaturated 
acids.  The  latter  were  found  to  belong  not  to  the  oleic,  but  to  thelinolic 
series,  or  to  a  mixture  of  two  acids,  one  of  the  oleic  and  the  other  of  the 
linolic  series.  On  hydrogenation  they  were  separated  into  stearic  and 
arachidic  acids.  The  saturated  acids  of  Uver  lecithin,  as  of  the  other 
organs,  are  palmitic  and  stearic  acids. 

The  hearing  of  the  findings  regarding  the  components  of  lecithin  on  the 
theory  of  its  structure.  The  graphic  formula  given  above  admits  of  only 
two  acyl  radicles  in  the  molecule  of  lecithin.  The  finding  that  the 
combined  fatty  acids  consisted  of  equal  parts  of  unsaturated  and  satu- 
rated acids,  of  which  the  saturated  were  composed  of  stearic  and  pal- 
mitic, indicates  the  presence  of  four  equivalents  of  fatty  acids  in  the 
samples  of  lecithin  obtained  frqm  egg  yolk  and  from  brain.  In  lecithin 
obtained  from  the  liver  each  of  the  four  acyl  radicles  is  distinct  in 
composition. 

Assuming  that  all  four  equivalents  of  fatty  acids  are  present  in  one 
molecule  of  lecithin,  the  graphic  formula  presented  above  should  be 
modified  to  make  room  for  the  two  additional  acyl  radicles.  A  priori, 
there  are  possible  three  alternative  arrangements,  one  in  which  the 
remaining  free  hydroxyl  of  the  phosphoric  acid  is  condensed  in  an  ester 
Unking  with  a  second  diglyceride, 
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CH,0  O  CR  CH,0  O  CR 

I  I 

CH  O  0  CRi         CH  O  O  CR4  • 

O 

II  (11) 

CHr-0— P— 0— CH, 

I 

O— C,H4N  =  (CH,), 

I 
OH 

another  in  which  two  monolecithins  are  combined  into  a  dilecithid  in 
the  following  fashion: 


CH,0  O  CR 

I 
CH  O  0  CR, 

O 


CH2O  O  CR 

I 
CH  0  0  CR, 


O 


CH,— 0— P- 


-O- 


0— C,H4N=(CH,)3 


OH 


-P— O— CH, 

I 

O— CH,N  =  (CH,),     (HI) 

I 
OH 


The  third  admits  of  the  existence  of  several  monophosphatides  each 
represented  by  formula  (I).  The  first  assmnption  is  excluded  un- 
equivocally and  with  little  difficulty  on  the  basis  of  the  elementary 
composition  of  lecithin.  This  is  clearly  seen  from  the  following  table, 
in  which  are  given  the  theoretical  elementary  composition  of  sub- 
stances expressed  by  the  formulae  (I),  (H)  and  (HI),  and  the  ana- 
lytical data  recorded  by  various  observers.  It  will  be  seen  that  formula 
(II)  is  definitely  excluded  even  on  the  basis  of  the  analytical  data  of  the 
older  writers.  The  more  recent  data  recorded  by  Levene  and  Ing- 
valdsen  and  by  Levene  and  Rolf  represent  a  close  agreement  of  the  find- 
ings with  the  theory  expressed  in  formula  (I).  However,  it  also  closely 
approaches  the  one  of  formula  (III). 
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Calculated  for  Fonnula  (I)  C44Ha8NPO,  (M.  W.  = 
805.9) 

Calculated  for  Fonnula  (II)  CsiHueNPOu  (M.  W.  = 
1382.50) 

Calculated  for  Formula  (III)  CgtHnoNsPsOn  (M.  W. 
«  1565.89) 

Thudichum  (brain) 

Baskoff  (liver) 

Stem  and  Thierf elder  (egg) 

MacLean  (egg) 

Erlandsen  (heart) 

MacLean  (heart) 

Eppler  (heart) 

Levene  and  Ingvaldsen  (liver) 

Levene  and  Rolf  (egg) 


c 

H 

N 

per  emit 

per  cent 

per  cent 

05.62 

11.02 

1.74 

70.25 

11.39 

1.01 

65.96 

10.93 

1.79 

66.75 

10.67 

1.81 

64.64 

10.71 

1.95 

64.63 

10.96 

1.79 

64.18 

10.60 

1.87 

66.29 

10.17 

1.87 

66.27 

10.32 

1.85 

66.46 

10.69 

1.87 

65.72 

10.70 

1.97 

65.56 

10.85 

2.04 

per  cent 

3.85 

2.24 

3.96 
4.00 
4.00 
3.95 
3.95 
3.95 
3.97 
4.03 
3.61 
3.87 


Still  more  convincing  are  the  results  of  the  analysis  of  the  hydro- 
lecithin.  The  physical  properties  of  lecithin  are  such  that  one  is  apt 
to  be  skeptical  as  to  the  purity  of  even  perfectly  pure  material.  On  the 
other  hand,  when  the  substance  is  hydrogenated  it  acquires  the  appear- 
ance and  the  character  of  a  soUd  wax  or  paraffin,  which  is  easily  puri- 
fied by  recrystaUization.  Because  of  this  advantage,  Levene  and  his 
co-workers  employed  the  hydrogenated  products  for  the  study  of  the 
elementary  composition  of  lecithin  and  cephalin.  The  analytical  data 
of  hydrolecithin  pubUshed  by  Levene  and  Rolf  exclude  formula  (II), 
thus  leaving  under  discussion  only  formulae  (I)  or  (III).  Formula 
(III)  does  not  seem  very  probable,  since  a  substance  of  that  structure 
should  possess  more  strongly  basic  properties  thaii  the  substance  mani- 
fests in  reality.  Molecular  weight  estimations  of  hydrolecithin  will  make 
possible  a  final  decision  between  structures  (I)  and  (III).  For  the 
present,  structure  (I)  seems  in  greater  accord  with  the  known  properties 
of  lecithin. 

Accepting  formula  (I)  as  the  true  expression  of  the  structure  of  leci- 
thin, the  finding  of  four  equivalents  of  fatty  acids  is  most  conveniently 
explained  by  the  third  assumption,*  namely,  of  the  existence  of  more 
than  one  monophosphatide,  each  of  the  type  expressed  by  formula  (I). 
On  this  assumption,  egg  yolk  "lecithin"  and  brain  "lecithm"  would 
both  consist  of  two  lecithins,  differing  in  the  character  of  their  saturated 
fatty  acid.  One  might  be  called  stearyl  oleyl  lecithin,  and  the  other 
palmityl  oleyl  lecithin.    On  the  other  hand,  Uver  apparently  contains 
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two  monolecithin  phosphatides,  eaqh  resembUng  one  of  those  from  the 
egg  yolk  m  the  nature  of  the  saturated  acid,  but  both  differing  from  the 
corresponding  substances  of  the  egg  yolk  by  the  nature  of  their  unsatu- 
rated acids. 

On  the  configuration  of  the  lecithin  molecule.  As  is  obvious  from  form- 
ula (I),  the  center  of  the  lecithin  molecule  is  occupied  by  glycerol,  a 
trivalent  alcohol  CH2(OH)CH(OH)CH2(OH)  m  which  every  carbon 
is  sjmMnetrical  and  therefore  the  molecule  is  optically  inactive. 
.  A  derivative  of  glycerol  may  be  optically  active  even  when  all  radicles 
combining  with  it  are  optically  inactive.  The  conditions  for  optical 
activity  in  derivatives  are  presented  in  th6  following  formulae: 

CH2(ORi)*CH(OR2)CH2(OR3)  (IV) 

CH2(ORi)*CH(ORi)CH2(OIU)  (V) 

The  derivative  is  inactive  if  the  configuration  is  as  follows: 

CH2(OR,)CH(OR^)CH2(ORi)  (VI) 

When  R2  stands  for  the  cholin  ester  of  a  phosphoric  acid  radicle,  and 
R2  and  Rj  for  acyl  radicles,  then  any  one  of  the  formulae  (IV),  (V)  or 
(VI)  may  express  the  structure  of  lecithin.  Since  every  known  lecithin 
contains  two  different  radicles  the  structure  expressed  by  (VI)  probably 
does  not  exist  in  nature.  Stearyl  oleyl  or  stearyl  linolyl  lecithin  can 
exist  only  in  the  form  having  an  asymmetric  carbon  atom.  In  fact,  all 
samples  of  lecithin  tested  for  their  optical  activity  have  been  found 
dextrorotary.  Also,  all  samples  of  hydrolecithin  have  been  found  dex- 
trorotary.  The  latter  observation  is  to  be  expected  since  palmityl  leci- 
thin on  hydrogenation  still  contains  two  different  acyl  radicles.  Thus 
the  choice  between  the  two  possible  formulae  (IV)  and  (V)  can  not  be 
made  on  the  basis  of  the  properties  of  the  unchanged  lecithin. 

If  instead  of  lecithin  one  is  dealing  with  glycerophosphoric  acid,  the 
problem  is  much  simpUfied.  While  at  least  three  isomers  of  substituted 
glycerophosphoric  acid  are  possible,  only  two  stereoisomeric  glycero- 
phosphoric acids  are  conceivable;  namely, 

CH2(OH)*CH(OH)CH2(OR)  (VII) 

and  CH2(OH)CH(OR)CH2(OH)  (VIII) 

Of  these,  formula  (VII)  expresses  the  optically  active  form,  while 
formula  (VIII)  is  optically  inactive.  Thus,  for  the  solution  of  the 
problem  of  the  configuration  of  lecithin,  it  becomes  essential  to  isolate 

*  Asymmetric  carbon. 
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the  constituent  glycerophosphoric  acid.  It  is  a  matter  of  good  fortune 
that  in  the  molecule  of  lecithin  the  union  of  glycerol  with  phosphoric 
acid  is  firmer  than  that  with  the  organic  radicles.  Owing  to  this  prop- 
erty, it  is  possible  on  mild  hydrolysis  with  either  alkalies  or  acids  to 
obtain  glycerophosphoric  acid.  Willstadter  and  Liidecke  were  the  first  to 
study  the  configuration  of  this  acid.  They  found  that  it  was  optically 
active  and  hence  assigned  to  the  ester,  formula  (VII)  and  to  lecithin, 
formula  (I).  The  existence  of  a  lecithin  of  this  configuration  is  now 
undisputed.  However,  in  recent  years  there  appears  a  tendency  to, 
accept  the  existence  also  of  an  isomeric  lecithin.  The  structure  of 
this  form  is  assumed  to  be  expressed  by  formula  (IV)  in  which  Rj  stands 
for  the  cholin  derivative  of  the  phosphoric  acid  radicle  and  Ri  and  R« 
for  two  different  acyl  radicles.  The  exponents  of  the  new  hypothesis 
are  Fomneau  and  Bailly.  The  former  observed  that  from  the  product 
of  alcoholysis  of  lecithin,  glycerophosphoric  acid  can  be  isolated  as  its 
calcium  salt.  He  succeeded  in  separating  this  salt  into  two  fractions 
differing  in  their  crystalline  form.  These  two  salts,  he  assumed,  repre- 
sented two  structural  isomers  of  glycerophosphoric  acid.  Bailly  reached 
the  same  conclusion  as  Fourneau  on  the  basis  of  the  analysis  of  the  prod- 
ucts of  oxidation  of  lecithin.  He  found  that  one  form  of  glycero- 
phosphoric acid  derived  from  lecithin  jdelded  dioxyacetone  while  the 
other  failed  to  do  so.  On  the  basis  of  this  observation,  he  argues  that 
there  also  exists  in  lecithin  a  glycerophosphoric  acid  of  the  structure 
(VIII),  as  only  this  form  could  yield  dioxyacetone. 

These  two  observations  of  Fourneau  and  of  Bailly  are  worthy  of  note 
and  of  further  investigation.  If  these  conclusions  should  be  corrobor- 
ated, then  the  number  of  isomeric  lecithins  will  be  greatly  augmented 
and  the  entire  problem  of  the  structure  of  lecithin  much  complicated. 

Work  of  Delezenne  and  Fourneau  on  partial  hydrolysis  of  lecithin  and 
its  significance.  A  very  important  contribution  to  the  chemistry  of 
lecithin  was  made  by  Delezenne  and  Fomneau.  They  found  that  the 
result  of  the  action  of  cobra  venom  on  lecithin  is  the  formation  of  a 
product  of  partial  hydrolysis  of  the  latter.  This  product  is  a  beautifully 
crystalline  compound  containing  all  the  components  of  palmityl  leci- 
thin except  oleic  acid.  This  finding  is  of  importance  since  the  presence 
of  four  equivalents  of  fatty  acids  of  which  two  are  of  the  saturated  and 
two  of  the  unsaturated  type,  admit  of  two  interpretations  regardingthe 
distribution  of  the  fatty  acids.  One  is  that  each  lecithin  contains  one 
saturated  and  one  unsaturated  acid,  and  the  other  admits  the  existence 
of  lecithins  containing  only  unsaturated,  and  of  types  that  contain  only 
saturated  acids.    The  fact  that  the  product  of  Delezenne  and  Fourneau 
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possesses  physical  properties  different  from  lecithin  and  resembling 
hydrolecithin,  points  toward  the  conclusion  that  if  lecithins  containing 
only  satm-ated  fatty  acid  had  existed,  it  should  have  been  possible  to 
isolate  them  readily  from  fully  unsaturated  lecithins.  Thus  the  finding 
offers  additional  evidence  in  favor  of  formula  (I)  as  expressing  the  struc- 
ture of  at  least  one  of  the  isomeric  lecithins. 

Summary  of  the  work  on  the- structure  of  lecithin.  The  work  on  the 
structure  of  the  lecithin  molecule  may  be  summarized  as  follows: 

1.  It  is  certain  and  undisputed  that  lecithins  of  the  structure  ex- 
pressed by  formula  (I)  do  exist. 

2.  It  is  practically  certain  that  the  monophosphatides  differ  in  the 
nature  of  their  fatty  acids  and  that  hence  a  variety  of  different  leci- 
thins are  possible. 

3.  It  is  not  certain  whether  these  phosphatides  have  an  independent 
existence  in  tissues  or  exist  in  form  of  diphosphatides. 

4.  It  has  been  suggested,  but  not  yet  fully  demonstrated,  that  in  addi- 
tion to  lecithin  derived  from  glycerophosphoric  acid  of  formula  (VII), 
there  exist  also  forms  derived  from  the  acid  of  formula  (VIII). 

Historical.  In  view  of  our  present  knowledge,  it  is  evident  that 
even  the  pioneer  workers  of  phosphatides  had  been  dealing  with  leci- 
thin. The  phosphatides  which  they  recognized  in  the  mother  liquors 
from  the  ''white  matter"  of  Vauquelin,  could  only  be  mixtures  of  the 
phosphatides  lecithin  and  cephalin.  It  is  quite  possible  that  a  separa- 
tion of  the  two  was  accomplished  by  Freny  in  1841.  The  most  funda- 
mental work  on  lecithin  was  presented  by  Gobley.  The  contribution 
of  Gobley  lay  in  his  discovery  that  glycerophosphoric  acid  constituted 
the  central  part  of  the  molecule  of  lecithin.  He  recognized  the  exist- 
ence of  a  base  and  of  fatty  acids  in  the  substance.  The  mode  of 
linkage  of  the  fatty  acids  and  the  nature  of  the  base  was  not  explained 
by  this  writer. 

The  nature  of  the  base  and  the  mode  of  linkage  of  the  fatty  acids  was 
established  by  the  work  of  Diacanow  in  1867  and  of  Strecker  in  1868. 
Between  these  two  writers,  however,  a  controversy  arose  on  the  ques- 
tion of  the  mode  of  linkage  of  the  base. 

Formula  (I)  expresses  the  view  that  the  base  and  the  phosphoric 
acid  are  linked  as  an  ester  through  the  alcoholic  group  of  the  base. 
The  alternative  ascribes  to  the  union  the  character  of  a  complex  salt. 
Diacanow  made  the  latter  assumption,  while  Strecker  was  the  author 
of  the  former.  Strecker's  theory  is  the  one  generally  accepted  today. 
In  recent  years  this  theory  was  substantiated  by  the  work  of  Hundes- 
hagen  and  Gilson. 
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In  this  connection,  it  is  interesting  to  note  that  Thudichum  (1884) 
always  referred  to  the  base  having  the  structure  of 

CH2  =  CHN(CHs)80H 

as  "neurin."  This  base,  by  virtue  of  its  structure  could  be  united 
to  the  phosphoric  acid  only  in  the  form  of  a  salt.  To  some  extent 
the  difficulties  attached  to  the  work  of  fhe  older  workers  on  the  base  of 
lecithin  lay  in  the  fact  that  they  were  dealing  with  samples  of  lecithin 
containing  varying  proportions  of  cephahn.  In  recent  years  MacLean 
was  perhaps  the  first  worker  who  realized  the  importance  of  preparing 
lecithin  free  from  cephalin.  He  demonstrated  that  this  end  was  attain- 
able through  the  purification  of  the  cadmium  chloride  salt.  Levene  and 
his  co-workers  have  shown  that  for  the  preparation  of  pure  lecithin  it 
is  more  convenient  to  start  with  the  acetone  extract.  The  introduction 
of  Van  Slyke's  method  for  the  estimation  of  primary  amino  groups  has 
been  of  particular  service  in  the  preparation  of  pure  lecithin. 

The  work  on  the  fatty  acids  of  lecithin  up  to  recent  date  was  in  a 
chaotic  state.  It  was  very  uneven  in  character  and  thoroughness.  In 
a  way  even  the  best  and  most  careful  of  the  older  work  on  the  fatty 
acids  of  lecithin  might  be  dismissed  from  consideration  in  the  discus- 
sion of  the  structure  of  lecithin,  since  all  older  workers  were  dealing 
not  with  pure  lecithin  but  with  a  mixture  of  lecithin  and  cephahn. 
On  the  other  hand,  the  findings  of  the  older  writers,  particularly  if  one 
considers  the  combined  efforts  of  all  workers,  are  important  inasmuch 
as  they  have  limited  the  choice  of  the  possible  fatty  acids  in  the  lecithin 
molecule.  One  could  scarcely  expect  to  find  more  acids  in  pure  lecithin 
than  in  a  mixture  of  lecithin  and  cephaUn.  It  must  be  added,  however, 
that  the  Ust  of  fatty  acids  isolated  from  lecithin  by  the  older  workers 
was  not  complete,  since  at  least  one  new  addition  was  made  by  Levene 
and  Ingvaldsen. 

The  older  work  on  the  fatty  acids  of  lecithin  is  also  important  for 
the  reason  that  it  has  suggested  the  existence  of  more  than  one  lecithin. 
Diacanow,  who  was  the  first  to  pubUsh  on  the  fatty  acids  of  lecithin, 
characterized  the  phosphatide  as  a  distearyl  derivative;  Strecker,  im- 
mediately after  him,  isolated  oleic  acid  and  two  saturated  acids,  one 
which  analyzed  for  pahnitic  (C  =  75.07;  H  =  12.60;  M.  P.  =  56.7"^) 
and  to  which  he  refers  as  margaric,  and  the  other  analyzing  for  stearic 
acid.  Diacanow  repUed  with  a  statement  accepting  the  existence  of  a 
lecithin  having  the  structure  of  that  described  by  Strecker,  but  at  the 
same  time  insisting  on  the  existence  of  the  distearyl  lecithin.  Later 
Thudichum  criticised  Diacanow's  theory  of  the  distearyl  form.  This 
criticism  still  holds.    The  most  careful  of  the  modern  work  on  the  fatty 
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acids,  particularly  on  the  question  of  the  unsaturated  acids,  is  that  of 
Cousin.  He  isolated  two  acids,  oleic  and  linolic,  from  the  mixture. 
The  latter  was,  in  the  Ught  of  present  knowledge,  derived  from  cephalin. 
In  chronological  order,  the  authors  who  contributed  to  this  part  of  the 
problem  of  lecithin  structure  are  as  follows:  Diacanow  (1867),  Strecker 
(1868),  Thudichum  (1884),  Ulpiani  (1901),  W.  Koch  (1902),  Cousin 
(1903  and  1906),  Dezani  (1909),  Serano  and  Palozzi  (1911),  Delezenne 
and  Foumeau  (1912),  Paal  and  Oehme  (1913)  and  Ritter  (1914). 

In  connection  with  the  problem  of  the  fatty  acids,  a  certain  import- 
ance is  attached  to  the  work  on  the  iodine  value  of  lecithin.  Since  the 
unsaturated  acid  is  the  only  portion  of  the  molecule  capable  of  absorb- 
ing iodine,  the  iodine  value  of  the  lecithin  may  serve  on  the  one  hand  to 
determine  the  degree  of  unsaturation  of  the  acid,  and  on  the  other  to 
estabUsh  the  ratio  of  the  amount  of  unsaturated  to  saturated  acids. 
The  combined  results  of  all  the  work  in  this  field  tend  to  show  that 
'lecithins"  of  different  origin  differ  in  the  degree  of  unsaturation. 
Since  all  the  writers  dealt  with  impure  lecithin  the  conclusions  are  not 
convincing,  but  on  the  other  hand,  in  the  light  of  recent  work  on  liver 
lecithin  the  findings  of  the  older  workers  may  serve  as  a  guide  to  future 
investigators.  The  most  exhaustive  study  in  this  direction  is  that  of 
Cruickshank  in  1914.  In  chronological  order  the  contributors  to  this 
problem  are  Stem  and  Thierfelder  (1907),  Erlandsen  (1907),  Baskoff 
(1909),  RoUet  (1909)  and  Cruickshank  (1914). 

B,  Cephalin,  It  is  quite  certain  that  cephaUn  is  closely  related  to 
lecithin.  Its  nucleus,  as  that  of  lecithin,  is  a  glycerophosphoric  acid. 
As  in  lecithin,  this  is  conjugated  with  two  fatty  acid  radicles  and  with 
one  base.  Granting  that  these  statements  are  correct,  the  structure  of 
the  molecule  of  cephalin  may  be  formulated  as  follows: 

CH2O  ORi 

I 
CHOOR^ 

O  (IX) 

11 

CH,0— P 

OH     0— CH2CH2NH2. 

Although  there  is  every  reason  to  believe  that  this  formula  is  the  true 
expression  of  the  structure  of  cephaUn,  yet  it  is  difficult  to  substantiate 
it  by  the  analytical  data  obtained  on  the  material  which  the  workers 
beginning  with  Thudichum  named  "cephalin*'. 
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From  the  standpoint  of  the  character  of  individual  components  the 
experimental  findings  were  entirely  consistent  with  the  requirements  of 
the  theory.  The  difiiculty  arose  when  one  compared  the  actual  ele- 
mentary composition  of  the  phosphatide  with  that  required  by  the 
theory.  For  many  years  this  difficulty  could  not  be  overcome.  How- 
ever, it  will  be  seen  from  the  following  discussion  that  some  of  the  newer 
work  on  the  subject  has  brought  forth  facts  which  satisfactorily  explain 
the  discrepancy  between  the  analytical  data  of  cephalin  of  the  formula 
(IX)  and  of  that  actually  prepared  in  course  of  the  older  work. 

Components  of  cephalin:  Phosphoric  add  and  glycerol.  The  presence 
of  phosphoric  acid  in  the  molecule  is  demonstrated  not  only  by  the 
result  of  complete  hydrolysis  of  cephalin  which  jdelds  phosphoric  acid 
as  one  of  the  products,  but  also  by  the  results  of  partial  hydrolysis, 
which  leads  to  the  formation  of  glycerophosphoric  acid  (Frankel  and 
Dimitz,  Levene  and  Rolf.)  The  question  of  the  presence  of  glycerol 
in  the  molecule  of  cephalin  was  satisfactorily  proven  quantitatively  as 
well  as  qualitatively.  The  proportion  of  glycerol  found  in  the  analyzed 
samples  approached  satisfactorily  that  required  by  the  theory  expressed 
in  formula  (IX),  (Foster,  Levene  and  West,  Levene  and  Komatsu). 

Base.  The  nature  and  the  number  of  bases  present  in  cephalin  has 
been  a  matter  of  considerable  discussion  in  the  past.  The  present  evi- 
dence suggests  the  view  that  a  single  base  is  present  in  the  molecule  of 
cephaUn,  and  that  this  is  aminoethanol  (Baumann  and  Renal).  This 
base  has  been  identified  among  the  products  of  hydrolysis  through  its 
gold  salt.  The  assumption  that  aminoethanol  is  the  sole  base  of  the 
cephalin  molecule  is  founded  on  the  fact  that  it  is  possible  to  prepare 
samples  of  cephaUn  in  which  all  nitrogen  is  present  in  form  of  primary 
aminogroups.  Since  all  other  bases  which  different  authors  claimed 
to  have  isolated  from  the  lecithin-cephalin  fraction  were  methylated 
derivatives  of  aminoethanol,  it  is  evident  that  a  fraction  containing  all 
of  its  nitrogen  in  form  of  primary  amino  groups  can  contain  only  the 
one  base  aminoethanol. 

Fatty  Acids.  The  problem  of  the  nature  of  the  fatty  acids  of  cepha- 
Un has  passed  through  the  same  phases  of  discussion  as  the  question  of 
the  fatty  acids  of  lecithin.  The  present  day  evidence  points  toward 
the  existence  of  one  unsaturated  acid  linolic  (Pamas)  and  one  satmuted 
acid,  stearic  (Pamas,  Levene  and  WesEjT  One  must  bear  in  mind, 
however,  that  to  many  workers  as  well  as  to  the  present  writer,  it  seemed 
for  a  long  time  as  if  the  molecule  of  lecithin  contained  one  saturated 
acid.  Later  by  means  of  fractional  distillation  *1ihe  esters  it  was 
possible  to  isolate  two  saturated  acids  from  the  products  of  hydroljrsis. 
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This  mefliod  of  analysis  has  not  yet  been  applied  to  the  study  of  ceph- 
alin.  Likewise,  the  problem  of  the  unsaturated  acids  cannot  be  con- 
sidered as  definitely  closed. 

The  components  of  cephaUn  and  their  bearing  on  the  theory  of  its  stnic- 
ture.  The  components  of  cephalin  thus  far  identified  among  the 
products  of  its  hydrolysis  are  phosphoric  acid,  glycerol,  aminoethanol, 
stearic  and  linolic  acids.  Assuming  that  all  components  enter  the 
molecule  of  lecithin  in  equivalent  proportion,  one  readily  arrives  at 
the  structure  expressed  in  formula  (IX).  This  theory  requires  for  ceph- 
alin a  certain  elementary  composition  and  a  definite  proportion  of 
the  component  parts.  Neither  one  of  these  requirements  was  satisfied 
by  the  analysis  of  the  samples  of  cephalin  in  possession  of  the  earlier 
workers. 

Thus  the  elementary  composition  required  by  theory  is: 


C 

H 

N 

P 

Per  cent 

66.16 

10.57 

1.88 

4.18 

whereas  the  samples  of  the  ipaterial  used  for  the  different  investigations 
on  the  nature  of  the  components  had  varying  elementary  composition, 
as  given  in  the  following  table. 


Thudichum 

Zuelzer 

Koch 

Cousin 

Stern  and  Thierf elder . 

Falk 

Neubauer 

Pamas 

Frank 

Baumann 

Renall | 

Bdrger  and  Beumer 

Levene  and  West 

Levene  and  West 

Levene  and  West 

Levene  and  West 


BOUBCB 

C 

H 

N 

P 

NHs 

par  cent 

per  cent 

per  cent 

per  uni 

per  cent 

Brain 

60.00 

9.38 

1.68 

4.27 

Ox  brain 

60.20 

9.80 

3.80 

2.60 

Sheep  brain 

59.50 

9.80 

1.75 

3.85 

Brain 

1.82 

3.89 

Egg  yolk 

59.68 

9.74 

1.57 

3.64 

Nerves 

56.75 

9.66 

1.94 

4.42 

Human  brain 

57.56 

9.21 

2.93 

3.23 

Brain              1 

61.99 

9.85 

1.65 

3.44 

62.12 

9.87 

1.69 

3.45 

Brain 

1.83 

3.86 

Liver 

57.10 

9.62 

1.72 

3.91 

Human  brain 

1.84 

1.63 

Ox  brain 

1.69 

3.56 

1.37 

Sheep  brain 

1.92 

4.27 

1.60 

Erythrocytes 

1.78 

4.06 

Brain 

60.49 

9.52 

1.96 

3.80 

Egg  yolk 

60.00 

9.62 

1.78 

3.69 

Liver 

60.33 

9.01 

1.86 

3.75 

Kidney 

60.17 

8.95 

1.70 

3.65 

Me 


per  cent 


1.7a 
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It  is  evident  that  the  elementary  composition  recorded  in  the  above 
table  contradicts  the  theory  expressed  in  formula  (IX). 

The  results  of  the  quantitative  analysis  of  components  were  found 
by  Levene  and  West  (Cephalin  II)  as  follows: 


Base 

Glycerol 

Phosphoric  acid 
Fatty  acids 


CAXX:ULATBD 


FOUND 


per  cent 

per  cent 

8.2 

8.26 

12.4 

10.00 

13.2 

12.17 

76.9 

63.40 

Thus  again  in  this  respect  there  is  lack  of  agreement  between  the  theo- 
retical requirement  and  the  experimental  data. 

The  problem  remained  in  this  puzzling  state  until  the  work  of 
Levene  and  West  on  the  so-called  hydrolecithin.  From  this  material 
a  fraction  was  isolated  which  contained  all  its  nitrogen  in  form  of 
primary  aminogroups  which  on  hydrolysis  yielded  aminoethanol 
and  which  had  an  elementary  composition  approaching  the  one 
required  by  formula  (IX).  Similar  material,  though  not  so  pure,  was 
obtained  by  Levene  and  Komatsu  from  the  heart  muscle,  and  by  Le- 
vene and  Ingvaldsen  from  the  Uver. 

NHiN 


Required 

Levene  and  West,  found 

Levene  and  Komatsu,  found.. 
Levene  and  Ingvaldsen,  found 


c 

H 

N 

P 

per  cent 

per  cent 

per  cent 

per  cent 

65.81 

11.05 

1.87 

4.15 

65.33 

10.50 

1.94 

3.87 

65.50 

10.36 

1.80 

4.29 

66.05 

10.62 

1.66 

3.87 

Total  N 
per  cent 

100.0 
98.3 
77.0 
80.7 


Later,  Levene  and  Ingvaldsen  obtained  a  sample  of  unsaturated  mixed 
lecithin  and  cephalin,  in  which  cephalin  was  predominating,  and  which 
had  an  elementary  composition  approaching  that  required  by  formula 
(I),  or  (IX);  namely. 


C 

H 

N 

P 

NH,N 
Total  N 

Per  cent 

66.00 

9.6 

1.49 

3.60 

66.4 

Similar  material  was  obtained  by  Levene  and  Rolf  from  the  brain  of 
cattle;  namely, 
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C 

H 

N 

P 

NH.  N 
Total  N 

Per  cwit 

65.80 

10.37 

1.41 

3.77 

84.00 

A  comparison  of  the  older  and  newer  j&ndings  regarding  the  substances 
discussed  in  this  section  leads  to  two  alternative  conclusions:  either 
there  exist  two  phosphatides  in  which  all  the  nitrogen  is  present  in 
form  of  aminoethanol,  or  there  exists  only  one  cephaUn  having  the 
elementary  composition  required  by  formula  (IX),  and  the  "cephalin^' 
of  the  older  writers  is  a  partially  decomposed  true  cephaUn.  The  latter 
of  the  two  conceptions  is  the  simpler.  It  is  substantiated  by  the  fact 
that  so-called  "cephaUn"  contains  all  the  components  required  by 
formula  (IX).  Furthermore,  the  quantitative  estimatio^  of  the  com- 
ponents indicates  that  such  material  shows  a  deficiency  in  the  fatty 
•  acid  content  in  comparison  with  the  theoretical.  Such  a  deficiency 
may  well  accoimt  for  the  low  carbon  content  of  the  old  type  cephaUn. 
For  the  final  decision,  it  wiU  be  necessary  to  prepare  sufficient  material 
having  the  composition  required  by  formula  (IX),  and  to  demonstrate 
that  it  contains  the  same  fatty  acids  as  those  isolated  from  the  "ceph- 
aUn" of  the  older  writers. 

Recent  work  on  cuorin  by  Levene  and  Komatsu  and  by  MacLean, 
and  the  work  on  heparphosphatide  by  Levene  and  Ingvaldsen,  bring 
forth  additional  facts  which  help  to  elucidate  the  relationship  of  the  old 
type  cephaUn  to  the  substance  of  the  composition  expressed  by  formula 
(IX). 

Cuorin  and  heparphosphatide.  Cuorin  was  regarded  as  an  indepen- 
dent individual  phosphatide.  Levene  and  Komatsu  have  shown  that 
it  was  composed  of  a  variety  of  fractions.  One  of  these  had  the  compo- 
sition of  the  so-caUed  cephaUn.  This  material  could  then  be  further 
fractionated  and  one  of  the  fractions  had  the  elementary  composition 
required  by  the  theory  for  definite  intermediate  products  of  degradation 
of  cephaUn.  One  of  them  very  closely  resembled  the  monostear>4 
glycerophosphoric  ester  of  aminoethanol,  for  which 


The  theory  requires. 
And  analysis  found.. 


c 

H 

N     • 

pet  cent 

67.49 
56.93 

per  cent 

9.97 
9.23 

per  cent 

2.91 
2.14 

per  cent 

6.45 
6.05 


On  the  other  hand,  MacLean  has  shown  that  when  the  organs  used  for 
preparation  of  cuorin  are  fresh,  the  material  obtained  in  place  of  cuorin 
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has  the  composition  of  the  so-called  cephalin.  Thus  these  findings 
point  towards  the  theory  that  so-called  cephalin  is  an  intermediary 
phase  between  true  cephalin  and  cuorin,  the  latter  being  deficient  not 
only  in  fatty  acids  but  also  in  base. 

All  that  has  been  said  in  regard  to  cuorin  may  be  repeated  in  the  dis- 
cussion of  the  heparphosphatide  of  Baskoff.  Levene  and  Ingvaldsen 
have  shown  that  from  comparatively  fresh  organs,  instead  of  hepar- 
phosphatide, a  material  is  obtained  having  the  composition  of  cephalin, 
and  again  this  substance  was  shown  to  consist  of  a  variety  of  fragments. 

In  summing  up  all  the  work  on  the  correlation  of  elementary  compo- 
sition to  the  chemical  structure  of  the  phosphatides  containing  amino- 
ethanol  as  base,  it  may  be  assumed  that  there  exists  in  all  tissues,  first, 
a  true  cephalin  having  the  composition  required  by  formula  (IX),  and 
second,  in  tissues  in  a  state  of  imperfect  freshness,  substances  are  found 
which  differ  in  their  elementary  composition  from  formula  (IX),  but 
contain  all  the  components  required  by  it.  To  this  group  of  substances 
belongs  the  "cephalin**  of  the  older  writers,  together  with  cuorin  and 
heparphosphatide.  Whether  their  formation  is  entirely  a  post-mortem 
process  or  partly  intravital,  remains  to  be  established.  In  part  un- 
doubtedly the  process  is  post-mortem. 

Configurationy  possible  isomerisms  and  further  peculiarities  of  the 
cephalin  molecule.  The  problem  of  the  configuration  of  cephalin,  as  that 
of  lecithin,  pivots  on  the  possibilities  in  the  variation  of  the  grouping 
of  phosphoric  acid  and  of  the  two  organic  acid  radicles  on  the  glycerol. 
If  our  present  information  on  the  fatty  acids  of  cephalin  is  correct  then 
the  problem  of  configuration  of  this  phosphatide  is  simpler  than  that 
of  lecithin.  The  reason  is  the  following.  Since  linolic  acid  is  hydro- 
genated  into  stearic  acid,  the  hydrogenated  cephalin  is  to  be  regarded 
as  a  distearyl  phosphatide  and  may  have  one  of  the  two  alternative 
configurations  as  follows: 

CH2(ORi)CH(OR^)CH2(ORi)  (the  same  as  VI) 

or  CH2(ORi)*CH(ORx)CH2(OR«)  (X) 

(1)  (2)     •         (3) 

(In  these,  Ri  stands  for  a  stearyl  and  R2  for  a  phosphoric  acid  radicle) 
Only  formula  (X)  contains  an  asymmetric  carbon,  and  since  hydrogen- 
ated cephalin  was  foimd  optically  active  by  Levene  and  West,  the  struc- 
ture (X)  should  be  accepted.  This  theory  is  further  substantiated  by 
the  fact  that  Levene  and  Rolf  have  isolated  a  levorotary  glycerophos- 
phoric  acid  from  a  sample  of  cephalin  which  was  free  from  any  traces*of 
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lecithin.  True,  in  unreduced  cephalin  there  is  possible  a  structural 
isomerism  depending  on  the  respective  positions  of  linolic  and  stearic 
acid  radicles  in  the  positions  (1)  or  (2)  of  formula  (X).  At  present  there 
are  no  data  permitting  a  choice  between  these  two  possibiUties. 

In  connection  also  with  cephalin  one  must  bear  in  mind  the  possi- 
bility of  the  co-existence  of  two  isomers  derived  from  the  two  isomeric 
glycerophosphoric  acids,  as  is  claimed  by  Fourneau  and  his  co-workers, 
and  by  Bailly,  for  lecithins.  Fortimately  for  the  student,  no  observa- 
tions justifying  such  an  assumption  have  as  yet  been  made. 

There  remains  to  be  discussed  one  peculiarity  of  cephalin  which  has 
been  the  cause  of  much  speculation.  While  the  hydrolysis  of  lecithin 
by  means  of  acids  or  alkalies  proceeds  comparatively  smoothly  so  that 
one  finds  no  difficulty  in  isolating  nitrogen-free  glycerophosphoric  acid 
and  a  nitrogen-free  fatty  acid  fraction,  the  hydrolysis  of  cephalin  seems 
to  procped  at  a  much  slower  rate,  so  that  prior  to  the  work  of  Levene 
and  Rolf  it  was  found  difficult  to  prepare  from  cephalin  a  glycerophos- 
phoric acid  free  from  nitrogen.  Furthermore,  the  fatty  acid  fraction 
was  often  contaminated  with  phosphorus  containing  fragments.  To  the 
mind  of  many  workers  this  peculiarity  in  the  behavior  of  cephalin 
militated' against  the  theory  that  it  was  a  derivative  of  glycerophos- 
phoric acid  in  the  same  sense  as  lecithin.  This  skepticism,  however,  is 
not  warranted.  Levene  and  Yamagawa,  in  their  work  on  phosphoric 
acid  esters  of  substituted  glucosides,  have  shown  that  the  rate  of  hy- 
drolysis of  phosphoric  acid  in  those  compoimds  is  influenced  by  the 
nature  of  the  substituents  of  the  sugar  molecule.  On  the  basis  of  their 
observations,  it  is  possible  to  conceive  that  the  differences  in  the  rate  of 
hydrolysis  of  the  phosphoric  acid  in  lecithin  and  cephalin  may  be  caused 
by  differences  in  the  nature  either  of  their  respective  bases  or  of  the 
fatty  acid  radicles.    Further  work  in  this  connection  is  still  needed. 

Relation  of  lecithin  to  cephalin.  The  final  conclusion  regarding  the 
respective  structure  of  lecithin  and  cephalin  is  that  they  differ  un- 
equivocally in  the  nature  of  their  bases,  one  containing  aminoethanol, 
and  the  other  its  methylated  derivative,  cholin. 

CH, 

OHCHaCHjNHa  OHCH,CH,  -  N  -  CH, 
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As  regards  the  fatty  acid,  cephalin  differs  from  lecithin  as  much  as 
various  lecithins  differ  among  themselves. 

Historical,  The  history  of  cephalin  is  less  complex  than  that  of 
lecithin.  In  a  way  it  is  more  satisfactory  since  nearly  every  new  publi- 
cation on  the  subject  marked  a  real  progress,  large  or  small,  in  the  in- 
timate knowledge  of  this  phosphatide.  Fremy  in  1884  described  an 
ether  soluble  phosphatide  which  was  insoluble  in  alcohol.  In  the  light 
of  subsequent  knowledge  he  was  dealing  with  cephalin.  Thudichum 
(1884)  was  the  first  to  individualize  cephalin  as  a  phosphatide  distinct 
from  lecithin.  The  differences  according  to  Thudichum  consisted  in 
the  nature  of  the  fatty  acids  and  of  the  bases.  Whereas  the  imsaturated 
fatty  acid  of  lecithin  was  identified  as  oleic,  he  described  that  of  cepha- 
lin as  cephalinic  acid.  He  was  unable  to  assign  a  structure  to  this  acid, 
but  he  attributed  the  peculiarities  of  cephalin  to  this  radicle.  The  basic 
radicles  discovered  by  Thudichum  in  cephalin  were  neurin  (cholin), 
aminoethanol,  and  a  third  base,  not  identified.  However,  in  discussing 
the  possible  structure  of  cephalin  he  takes  account  only  of  cholin  on 
the  assumption  that  the  other  bases  were  degradation  products  of  it. 
Thudichum  was  also  the  only  writer  who  emphasized  the  discrepancy 
between  the  empirical  elementary  composition  of  cephalin  an8  the  one 
required  for  it  by  theory.  The  part  played  by  Thudichum  in  the  de- 
velopment of  the  theory  of  the  structure  of  cephalin  is  typical  of  all  his 
work  on  the  chemistry  of  the  brain.  His  general  conceptions  were 
usually  correct.  He  had  a  wonderful  chemical  instinct  for  sensing 
distinction  when  such  had  been  overlooked.  He  appUed  better  chem- 
ical methods  than  his  predecessors  and  many  who  followed  him,  but 
he  nearly  always  failed  in  the  details.  In  fact  he  often  erred  so  much 
in  this  respect  that  entire  chemical  structures  formulated  by  him  had 
to  be  recast  so  as  to  make  the  true  details  fit  the  whole.  So  in  connec- 
tion with  cephalin,  the  true  structure  of  the  components  was  developed 
by  a  succession  of  subsequent  workers.  The  true  nature  of  cephalic 
acid  has  been  recognized  as  linoUc  acid.  Cousin  was  the  first  to  suggest 
this  hypothesis  on  the  basis  of  the  iodine  value  of  the  substance;  Falk 
supported  the  same  view  on  the  groimd  of  the  hydroxy  derivatives  ob- 
tained from  it.  Finally,  Pamas  reached  the  same  conclusion  working 
on  the  hydrogen  absorption  of  the  acid  and  on  the  product  of  its  hydro- 
genation.  Thus  there  gradually  accumulated  an  abimdance  of  evi- 
dence supporting  the  view  that  the  cephalinic  acid  of  Thudichum  was  in 
reality  UnoUc  acid.  In  1916  there  appeared  a  pubUcation  by  Mac- 
Arthur,  which  places  the  question  in  an  entirely  different  light.     With 
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Thudichum,  MacArthur  accepts  the  existence  of  a  true  cephalinic  acid 
of  the  composition  CieHoOs,  but  he  also  accepts  the  existence  of  two 
other  acids,  oleic  acid  and  clupandonic  (CigHsgOa)  or  an  acid  C2oHa202. 
He,  however,  admits  that  the  evidence  submitted  by  him  is  not  con- 
clusive. Which  of  the  two  views  on  the  nature  of  the  unsaturated  acid 
.  will  survive  remains  to  be  seen  from  future  experiments. 

The  ideas  on  the  basic  component  of  cephaUn  have  likewise  crystal- 
lized gradually.  The  original  work  of  Thudichum  was  followed  by 
that  of  Koch  (1902)  in  which  the  suggestion  was  made  that  the  base  was 
of  the  nature  of  a  monomethylamine.  The  same  conclusion  was  reached 
by  Frankel  and  Neubauer  in  1909.  On  the  other  hand,  Cousin  in  1907 
could  isolate  from  cephalin  no  other  base  than  choUn.  In  the  Ught  of 
subsequent  work  it  is  evident  that  these  three  workers  were  dealing 
with  material  mixed  with  lecithin.  The  state  of  knowledge  of  the 
structure  of  the  base  for  a  time  remained  stationary  until  a  new  impetus 
was  given  to  the  work  by  the  contribution  of  Trier  who  isolated  amino- 
ethanol  from  plant  phosphatides.  Soon  Baumann  (1913)  and  Renal 
(1913),  working  under  the  direction  of  Pamas,  identified  this  base 
among  the  products  of  hydrolysis  of  cephaUn.  Finally,  the  application 
of  the  Van  Slyke  method  of  estimation  of  the  unsusbtituted  amino- 
groups  brought  about  a  further  progress  in  the  work  on  cephalin.  It 
was  shown  that  this  phosphatide  contained  all  its  nitrogen  in  form  of 
primary  aminogroups.  True,  the  samples  of  cephalin  analyzed  by 
Baumann  and  by  Renal  were  not  yet  absolutely  pure.  Even  the  purest 
samples  contained  a  few  per  cent  of  non-amino  nitrogen,  some  contained 
more  than  10  per  cent.  The  proportion,  however,  was  comparatively 
small  and  also  varying,  so  that  it  justified  the  conclusion  that  amino- 
ethanol  was  the  only  base  present  in  cephaUn,  since  no  other  bases  with 
a  primary  amino  group  h^ve  been  foijnd  among  the  components  of 
phosphatides. 

C.  Sphingomyelin.  Sphingomyelin  is  a  phosphatide  which  differs  in 
its  physical  and  chemical  properties  from  both  lecithin  and  cephaUn. 
On  the  basis  of  the  most  recent  work,  its  chemical  structure  can  be  ex- 
pressed by  the  following  graphic  representation. 

The  components.  Formula  (XI)  assumes,  that  the  molecule  contains 
four  components  in  equivalent  proportion;  namely,  phosphoric  acid,  an 
organic  acid,  and  two  bases,  sphingosine  and  choUn. 

Phosphoric  add  is  readily  hberated  from  the  molecule  on  hydrolysis 
with  either  acids  or  alkaUes. 
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Sphingosine  radicle    Lignoceric  radicle 


O    -  Ci7H,2(OH)NH  -    COC28H47 
/ 

0=P— OH                         yCH, 
)— CH2CH2N CH, 


OH     ^^^ 


Cholin 

Ba«e«.  Spingomyelin  is  the  only  phosphatide  which  has  been  defi- 
nitely shown  to  contain  two  bases  in  its  molecule.  It  is  the  only  one 
that  may  be  correctly  named  a  diamido-monophosphatide.  In  this 
sense  the  other  two  phosphatides,  lecithin  and  cephalin,  are  mono- 
amido-monophosphatides.  Since  this  manner  of  characterization  in 
this  ihstance  proved  to  be  correct  and  serviceable,  the  majority  of 
workers  on  lipoids  have  extended  its  use  to  the  characterization  of  many 
substances  of  doubtful  existence.  There  have  been  described  mono- 
amido-diphosphatides,  triamido-diphosphatides,  and  a  variety  of  other 
combinations.  For  the  present  most  of  the  claims  for  the  existence  of 
such  substances  are  not  justified. 

Cholin.  OHCH2CH2N(CH8)80H  has  already  been  mentioned  in  the 
section  on  lecithin.  Its  cohesion  with  the  rest  of  the  molecule  of  sphing- 
omyelin seems  to  differ  from  that  of  the  other  organic  radicles.  Thus, 
by  barium  hydroxide  hydrolysis  cholin  is  completely  detached  at  a 
time  when  the  other  components  apparently  still  remain  united.  It 
may  be  isolated  in  the  form  of  its  picrateand  identified  as  the  salt  of 
chlorplatinic  acid. 

Sphingosine.  This  in  many  ways  is  a  unique  substance.  As  yet  it 
has  not  been  discovered  in  plants.  While  cholin  and  aminoethanol 
are  known  to  exist  also  as  components  of  plant  phosphatides,  sphingo- 
myelin and  sphingosine  have  thus  far  been  isolated  only  from  animal 
tissues. 

The  graphic  presentation  of  the  base  as  far  as  present  knowledge 
permits  it  to  be  formulated,  is  as  follows: 
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CH,(CH2)uCH  =  CHCH(0H)CH(0H)CH2NH,* 


(XII) 


This  formula  represents  the  substance  as  a  primary  amine  containing 
seventeen  carbon  atoms  united  in  a  normal  chain.  Thudichum  de- 
termined its  elementary  composition  and  Levene  and  West  have  es- 
tablished the  structure  of  the  carbon  chain  as  containing  one  imsatur- 
ated  bond.  Levene  and  Jacobs  were  the  first  to  demonstrate  the  latter 
point  by  converting  the  base  into  its  dihydro  derivative.  Sphingosine 
contains,  besides  the  primary  aminogroup,  two  hydroxyls,  as  was 
demonstrated  by  the  formation  of  a  triacetyl  derivative.  The  latter  was 
prepared  independently  by  Levene  and  Jacobs  and  by  Thierfelder  and 
Thomas.  These  groups  give  to  the  base  an  important  position  in  the 
structure  of  the  phosphatide. 

The  further  details  of  the  structure  of  the  base  were  worked  out  by 
Lapworth  and  by  Levene  and  West.  The  first  of  these  writers  has 
shown  that  on  oxidation  with  chromium  trioxide  the  base  yielded  a 
tridecyUc  acid.  Through  this  finding  he  estabUshed  the  fact  that  the 
carbon  atom  carrying  a  double  bond  and  the  three  substituted  carbon 
atoms  constituted  a  chain  of  four,  attached  to  the  other  chain  of  thir- 
teen.  Levene  and  West  have  shown  that  the  double  bond  was  situated 
in  the  position  4,  5  and  that  hence  the  three  substituted  carbon  atoms 
constituted  an  uninterrupted  chain.  In  an  unpubHshed  work,  Levene 
has  converted  the  base  into  the  normal  heptadecan.  The  respective 
allocation  of  the  amino  and  hydroxyls  is  not  yet  established,  nor  is  the 
configuration  of  the  two  asymmetric  carbon  atoms.  Levene  and  West 
made  an  attempt  to  determine  the  latter  but  reached  no  convincing 
conclusion.  The  significance  of  the  knowledge  of  the  structure  of  the 
base  to  that  of  the  phosphatide  will  be  discussed  later. 

Fatty  acids.  Two  fatty  acids  have  been  isolated  from  sphingomyeUn. 
The  composition  of  the  mixed  fatty  acids  was  found  by  Levene  as  fol- 
lows: 


Lowxar 

HiQHBar 

RBQUIRBD  FOR 
aTBARIC  ACID 

c 

percent 

75.49 
12.71 

percent 

76.75 
13.00 

per  cent 

75  98 

H 

12  76 

♦  The  author  takes  this  occasion  to  express  his  appreciation  to  H.  MacLean 
for  calling  his  attention  to  an  error  in  the  article  on  sphingomyelin.  Referring 
to  dihydrosphingosine,  the  present  author  gave  the  correct  graphic  formula, 
but  in  the  text  the  number  of  hydrogen  atoms  is  given  as  35  instead  of  the  correct 
number  of  33. 
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Apparently  on  the  basis  of  similar  findings,  Thudichum  assumed  the 
acid  to  be  an  isomer  of  stearic,  since  it  melted  at  57°C.  whereas  stearic 
melts  at  70  to  71°  C.  By  fractional  distillation  of  the  methylesterS"  of 
the  mixed  acids,  it  was  possible  to  separate  them  into  two  fractions. 
One  consisted  of  the  methylester  of  lignoceric  acid  and  the  second  fraction 
analyzed  for  the  methylester  of  a  fatty  acid  with  a  lower  carbon  content. 
The  true  natm-e  of  the  second  is  not  well  established,  although  it  seemed 
to  analyze  for  hydroxy  stearic  acid.  The  proportions  of  the  two  acids 
seemed  to  be  equimolecular  (Levene). 

The  structure  of  the  sphingomyelin  molecule.  Formula  (XI)  repre- 
sents the  molecule  of  sphingomyeUn  as  consisting  of  four  components 
in  equivalent  proportions.  Since  two  fatty  acids  have  been  isolated 
from  sphingomyelin,  one  is  again  confronted  with  two  alternative  possi- 
bilities; either  the  substance  is  a  diphosphatide,  or  a  mixture  of  two 
individual  phosphatides.  For  the  present  there  exist  no  data  permit- 
ting a  choice  between  the  two  views.  There  is,  however,  suflScient 
evidence  to  support  the  theory  that  each  monophosphatide  is  composed 
in  the  manner  expressed  by  formula  (XI).  The  supporting  data  are 
found  in  the  results  of  elementary  analysis  and  in  those  of  quantitative 
hydrolysis.    The  results  are  given  in  the  following  table: 


Lignoceric  phosphatide  (calculated) 

Oxystearyl  phosphatide   (calculated) 

Equivalent  mixture  of  the  two  (calculated) 
Sphingomyelin  (Levene)  (found) 

Theory  for  the  equivalent  mixture 

Sphingomyelin  (Levene)  (found) 


per  eerU 
67.48 
64.89 
66.24 
66.59 


per  cent 

11.61 
11.21 
11.49 
11.34 


N 


per  eerU 
3.42 
3.78 
3.59 
3.66 


per  cent 
3.79 
4.19 
3.97 
3.98 


FATTY  ACIDS 


per  cent 
43.00 
43.00 


SPHINOOBINB 


percent 
35.29 
34.10 


The  nitrogen  content  of  the  crude  base  was  found  4.5  per  cent  whereas 
the  theory  requires  4.91  per  cent. 

Thus  that  part  of  the  theory  that  assumes  in  sphingomyelin-mono- 
phosphatide  a  union  of  the  four  enmnerated  components  is  definitely 
established.  The  part  of  the  theory  expressed  in  formula  (XI)  which 
deals  with  the  mode  of  Unkage  of  the  four  components,  is  in  certain 
points,  supported  by  experimental  evidence;  in  the  main,  however, 
it  is  based  on  theoretical  considerations. 
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As  in  lecithin,  the  glycerol  molecule  may  be  regarded  as  the  bridge 
connecting  the  phosphoric  acid  and  the  acyl  radicles,  so  in  sphingo- 
myelin the  central  r61e  can  be  assigned  only  to  the  sphingosine  which 
carries  two  hydroxyls  and  aminogroups  serviceable  for  union  with 
other  radicles.  Thus  in  truth  in  sphingomyelin  one  of  the  hydroxyls 
of  sphingosine  is  united  in  ester  form  with  the  phosphoric  acid  radicle 
and  the  amino  group  is  united  with  the  acyl  radicle.  This  latter  as- 
sumption is  based  on  experimental  evidence.  First,  sphingomyelin 
contains  no  free  primary  groups  in  its  molecule;  and  second,  on  hydroly- 
sis of  sphingosine,  an  intermediary  substance  was  isolated  which  ana- 
lyzed for  lignoceryl  sphingosine  and  which  also  contained  no  free  pri- 
mary aminogroup. 

Accepting  then  the  positions  of  the  acyl  and  phosphoric  acid  radicles 
as  given  in  formula  (XI),  there  remain  but  two  alternative  possibilities 
for  the  allocation  of  the  base  choUn.  A  priori,  it  might  combine  either 
with  the  phosphoric  acid  in  ester  form  as  represented  in  formula  (XI) 
or  to  one  of  the  hydroxyls  of  sphingosine  in  ether  form.  Since  it  was 
found  that  on  hydrolysis  of  sphingosine,  cholin  is  detached  very  readily, 
and  since  a  loose  union  is  characteristic  rather  of  an  ester  than  of  an 
ether  Unking,  the  preference  is  given  to  formula  (XI).  Furthermore, 
if  the  base  were  linked  to  the  sphingosine  molecule  the  phosphoric  acid 
radicle  in  sphingomyehn  should  fimction  as  a  monosubstituted  phos- 
phoric acid  and  should  lend  to  the  phosphatide  well-defined  acidic  prop- 
erties. In  another  point,  formula  (XI)  is  entirely  arbitrary.  As  seen 
from  formula  (XII),  the  phosphoric  acid  radicle  may  be  attached  equal- 
ly well  in  the  position  2  or  3.  At  present  there  are  no  data  permitting 
a  choice  between  the  two  possibilities.  Furthermore,  one  must  remem- 
ber that  in  formula  (XII)  the  allocation  of  the  primary  aminogroup  is 
as  yet  arbitrary.  It  may  be  allocated  as  well  in  position  2  as  in  3,  thus 
the  positions  of  the  hydroxyls  might  accordingly  be  different. 

Also,  one  must  remember  that  regardless  of  the  respective  positions 
of  the  hydroxyls  and  of  the  primary  aminogroup,  the  sphingosine 
molecide  permits  of  four  possible  stereoisomers  as  presented  in  the 
following. 

Xvi  111  1^1  1^1 
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In  these  graphic  presentations,  Ri  stands  for  CH2NH2  and  R2  for  the 
rest  of  the  molecule  (carbon  atoms  4  to  17). 

A  priori,  it  is  not  impossible  that  more  than  one  isomer  of  the  base 
exists  in  nature,  and  because  of  this,  theoretically  one  must  admit  the 
possibiUty  of  the  existence  of  several  stereoisomeric  sphingomyelins. 
On  the  other  hand,  accepting  the  existence  in  nature  of  only  one  form 
of  sphingomyelin,  one  is  not  as  yet  in  a  position  to  assign  its  true 
configuration. 

Occurrence  of  sphingomyelin  in  different  organs.  Like  lecithin  and 
cephalin,  sphingomyelin  undoubtedly  is  a  conmion  constituent  of 
cellular  material  of  the  animal  kingdom.  It  has  been  isolated  from 
all  those  organs  in  which  it  has  been  sought.  In  regard  to  both  com- 
position and  physical  properties,  samples  of  different  origin  seem  to 
show  Uttle  variation.  The  following  table  represents  the  results  of 
the  analyses  of  some  samples  from  various  organs. 


c 

H 

N 

P 

I«li> 

SPHINQO- 
BINS 

ACIDS 

Brain 

per  cent 
66.59 
64.80 
64.47 
65.56 

per  cent 
11.34 
11.41 
11.57 
11.68 

per  cent 

3.66 
3.50 
3.41 

3.84 

per  cent 

3.98 
3.82 
3.81 
4.22 

+8.20 

+8.73 
+7.61 

+7.54 

per  cent 
34.10 
32.10 
32.14 
33.70 

per  cent 

43.00 

Kidney 

49.00 

Liver 

41.70 

Em:  yolk 

43.40 

Physical  properties  of  sphingomyelin.  Sphingomyelin  crystallizes  in 
very  thin  plates,  often  congregating  in  form  of  rosettes.  Dried,  it  has 
the  character  of  a  white  powder  of  slightly  waxy  character. 

Test  of  purity.  The  orcin  test  with  or  without  copper  may  be  used 
as  a  test  of  purity  of  sphingomyeUn.  Pure  sphingomyelin  contains  no 
galactose  in  its  molecule;  on  the  other  hand,  the  principal  impurities 
of  the  phosphatide  are  the  galactosides. 

Historical.  The  name  sphingomyelin  was  first  introduced  by  Thudi- 
chum.  In  the  Ught  of  modern  investigation,  the  material  in  his  hands 
was  a  mixture  of  sphingomyelin  with  a  small  proportion  of  cerebrosides. 
Since  cerebrosides  and  sphingomyelin  are  soluble  in  hot  alcohol  and 
insoluble  in  cold,  they  are  simultaneously  extracted,  when  hot  alcohol 
is  used  as  the  extractive.  They  are  also  simultaneously  deposited  as 
a  white  precipitate  on  cooling  the  hot  extract.  In  this  manner  this 
mixture  was  first  obtained  by  Vauquelin  in  1812  and  described  as  the 
"substance  blanche."  Couerbe  in  1834  described  it  as  "cerebrot," 
and  Fremy  in  1841  as  ''cerebric  acid."    In  1865,  Liebreich  prepared 
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from  this  material  a  substance  named  by  him  protagon,  and  soqn 
afterwards  there  began  an  intermittent  controversy  as  to  the  real 
existence  of  this  substance.  Diacanow  and  Hoppe-Seyler  were  the 
first  opponents  to  the  Liebreich  theory.  Thudichum,  who  isolated 
his  sphingomyeUn  from  the  so-called  protagon,  saw  more  clearly  than 
the  other  workers  the  true  nature  of  protagon.  However,  the  contro- 
versy continued  to  our  day,  when  it  was  conducted  by  Gies  and  his 
co-workers  in  the  negative,  and  by  Cramer  in  the  affirmative.  A  very 
complete  historical  sketch  of  the  controversy  is  given  by  MacLean  in  his 
monograph  of  Lecithin  and  Allied  Substances. 

It  must  be  said  that  the  tenacity  of  the  controversy  was  due  princi- 
pally to  the  lack  of  information  on  the  chemical  structure  of  sphingo- 
myelin. On  the  basis  of  the  elementary  composition,  protagon  can  be 
conceived  as  consisting  of  one  equivalent  of  sphingomyeUn  and  two 
of  cerebrosides.  From  formula  (XI),  it  is  evident  that  there  are  two 
positions  which  could  readily  serve  for  Unkage  of  cerebrosides  to  the 
phosphatide;  namely,  the  two  free  hydroxy  Is.  Cerebrosides  also  can 
unite  with  other  groups  most  readily  through  their  hydroxyls.  Thus 
the  union  of  a  cerebroside  to  the  sphingosine  of  the  sphingomyelin 
would  result  in  an  ether  Unking.  Such  a  linking  is  characterized  by  its 
great  stabiUty.  The  second  cerebroside  radicle  could  then  be  united 
either  to  the  phosphoric  acid  in  an  ester  Unking,  or  as  a  dicerebroside 
in  which  the  cerebrosides  are  united  between  themselves  in  ether  form. 
Thus  protagon  should  have  had  one  of  the  two  foUowing  structures: 

Ri  Ri  —  O  —  Iv2 

I  I 

O  -  CnHaONH  -  COCaH*,  O  -  CHaONH  -  COQsH^t 

/  / 

0  =  P-0  -  Ra  0  =  P-OH 

\  •       \ 

O  -  CH,CH JSr  (CH,),OH  0  -  CHj  CHj  N  (CH,),  OH 

(XVII)  (XVIII) 

There  is  no  reason  to  believe  that  substance  (XVII)  or  (XVIII) 
should  be  so  unstable  as  protagon  was  found  to  be. 

The  most  important  work  of  recent  years  which  helped  to  clarify 
the  confusion  of  ideas  on  protagon  was  that  of  Rosenheim  and  Tebb 
in  1908.  These  authors  introduced  pyridin  as  a  reagept  for  the  separa- 
tion of  sphingomyelin  from  cerebrosides.    The  product  obtained  by 
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them  must  be  regarded,  in  the  light  of  subsequent  work,  as  crude 
sphingomyelin.  As  Regards  the  theory  of  the  structure  of  the  sub- 
stance, Rosenheim  and  Tebb  were  ready  to  accept  that  advanced  by 
Thudichum.  In  the  evolution  of  the  theory  of  the  structure  of  sphingo- 
myelin the  merit  of  Thudichimi  consisted  in  recognizing  the  fact  that 
sphingomyelin  did  not  contain  glycerol,  but  that  it  contained  two 
bases,  cholin  and  sphingosine.  However,  he  isolated  the  bases  only 
in  a  state  of  great  impurity,  and  hence  the  presence  of  sphingosine  in 
the  molecule  of  sphingomyelin  was  made  probable  rather  than  proven. 
Furthermore,  Thudichum  accepted  the  existence  in  the  phosphatide  of 
a  higher  alcohol,  sphingol.  In  formula  (XI),  as  advanced  by  Levene, 
there  is  no  room  for  that  alcohol.  The  nature  of  the  fatty  acids  was 
not  recognized  by  Thudichum.  The  theory  of  the  structure  developed 
in  this  review  is  based  principally  on  the  work  of  Levene  published  in 
1916.  The  following  table,  taken  in  the  main  from  the  monograph 
of  MacLean,  records  practically  all  the  occasions  in  which  individual 
workers  dealt  with  crude  sphingomyelin. 


Couerbe  (cerebrot)  1834 

Thudichum  (sphingomyelin)  1884 

Thudichum  (apomyelin)  1884 

Thudichum  (amidomyelin)  1884 

Stem  and  Thierfelder  (Weisse  Sub- 

stanz)  1907 

Rosenheim  and  Tebb  (sphingomyelin) 

1908 

Dunham  and  Jacobson  (Camaubon) 

1910 

MacLean  1912 

MacLean  1913 


c 

H 

N 

P 

per  cent 

per  cent 

per  cent 

per  cent 

67.82 

11.10 

3.40 

2.33 

65.37 

11.29 

2.96 

3.24 

67.10 

11.35 

3.00 

3.23 

62.4 

68.16 

12.14 

2.77 

3.22 

62.90 

11.54 

3.3 

3.46 

67.12 

11.54 

2.84 

2.18 

68.19 

12.37 

3.00 

3.44 

3.07 

3.41 

Brain 
Brain 
Brain 
Brain 

Egg-yolk 

Brain 

Ox  kidney 
Horse  kidney 
Ox  heart 


D.  Physico-chemical  properties.  The  physico-chemical  properties  of 
all  phosphatides  may  be  discussed  in  one  chapter  for  the  reason  that 
in  this  respect  they  are  very  similar,  the  possible  diflferences  being 
only  of  quantitative  nature. 

As  seen  from  their  structural  formulae,  all  possess  amphoteric  proper- 
ties. In  the  free  state  they  are  only  moderately  soluble  in  water  and 
are  non-diffusible  through  such  membranes  as  are  impermeable  to 
proteins.    Thus  from  the  viewpoint  of  their  physico-chemical  prop- 
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erties,  phosphatides  resemble  proteins  and  hence  it  is  logical  to  expect 
the  action  of  electrolytes  on  each  of  the  two  classes  of  substances  to 
be  similar. 

Taking  into  accoimt  the  results  of  the  recent  work  on  proteins  by- 
Jacques  Loeb,  one  may  expect  that  .the  interaction  between  phos- 
phatides and  electrolytes  should  be  determined  by  the  hydrogen  ion 
concentration  of  the  surrounding  medium.  Speaking  in  terms  of  pH, 
at  a  pH  value  higher  than  that  of  their  isoelectric  point,  the  phosphiatides 
shoidd  act  as  anions  and  conversely  at  a  lower  pH  value  as  cations. 

On  the  basis  of  the  work  of  Jacques  Loeb  on  proteins,  it  again  should 
be  expected  that  the  osmotic  pressure  of  an  aqueous  emulsion  of  lecithin 
or  other  phosphatides  would  be  influenced  by  electrolytes  in  the  sense 
of  the  Donnan  membrane  equiUbrium.  Unfortunately  all  the  work 
on  the  action  of  electrolytes  on  phosphatides  antedates  the  recent 
work  of  Loeb  and  is  based  on  the  older  conceptions  of  colloidal  chemistry. 
But  such  experimental  data  as  exist  might  be  employed  in  support  of 
the  newer  viewpoint.  The  intention  of  the  individual  workers  was  to 
estabUsh  a  complete  paralleUsm  between  the  nature  of  salt  action  on 
proteins  and  on  phosphatides.  Admitting  then  that  this  paralleUsm 
has  been  estabUshed  and  admitting  further  that  the  true  chemical 
mechanism  of  the  interaction  between  electrolytes  and  proteins  has 
been  clarified  by  the  work  of  Loeb,  one  naturally  feels  justified  in 
applying  the  reasoning  of  Loeb  for  the  interpretation  of  the  mechanism 
of  the  interaction  between  electrolytes  and  phosphatides. 

These  introductory  remarks,  it  is  hoped,  will  facilitate  the  appre- 
ciation of  the  true  value  of  the  older  work.  In  1868,  Strecker  formu- 
lated the  structure  of  salts  of  lecithin  with  neutral  inorganic  salts 
analogous  to  the  salt  of  sodium  chloride  and  glycocol. 

CHJ^Ha  HCl 

I 
COONa 

The  cadmium  chloride  derivative  and  the  chlorplatinate  of  lecithin 
had  according  to  Strecker  a  structure  analogous  to  that  of  complex 
salts. 

More  recent  work  dealt  principally  with  the  precipitation  phe- 
nomenon. Waldemar  Koch,  and  Pages  and  Neubauer,  were  the  prin- 
cipal authors  who  contributed  to  this  subject.  They  explained  the 
phenomenon  in  the  light  of  the  views  of  colloidal  chemistry  which  then 
came   to   the  foreground.    Pages   and   Neubauer   were   particularly 
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emphatic  in  claiming  a  complete  analogy  between  the  action  of  salts 
on  phosphatides  and  on  proteins.  Thus,  in  their  observations  the 
action  of  anions  seemingly  followed  the  Hofmeister  series,  and  the 
precipitation  series  seemed  to  them  analogous  to  those  observed  by 
Pauli  for  proteins.  In  the  p^^cipitation  effect  of  FeCU  on  lecithin 
Pages  and  Neubauer  saw  an  action  of  two  colloids  of  unlike  electric 
charge,  while  the  precipitation  of  lecithin  by  cadmium  chloride  was 
interpreted  by  them  as  an  adsorption  phenomenon.  Similar  to  the 
older  workers  on  proteins,  these  were  ignorant  of  the  influence  of  the 
concentration  of  the  hydrogen  ions  on  the  combining  power  of  ampho- 
teric substances,  and  Uke  those  older  workers  on  proteins,  they  came 
to  erroneous  conclusions. 

The  work  of  Thomas  in  1915  is  particularly  interesting.  He  found 
that  the  addition  of  electrolytes  brings  about  a  fall  in  the  osmotic 
pressure  of  a  lecithin  emulsion.  An  identical  eflfect  had  been  previously 
observed  in  the  action  of  electrolytes  on  proteins  (Loeb,  Lillie,  PauU 
and  others).  In  connection  with  proteins  the  phenomenon  has  been 
explained  by  Loeb  on  the  basis  of  ^'membrane  action"  discovered  by 
Donnan  in  1911.  Donnan's  law  undoubtedly  explains  also  the  obser-, 
vations  of  Thomas. 

Thus  it  is  obvious  that  a  revision  of  the  older  work  on  the  physico- 
chemical  properties  is  much  needed  in  order  to  fortify  by  experimental 
proof,  conceptions  which  a  priori  seem  very  probable.  In  connection 
with  such  work,  one  may  mention  that  of  Feinschmidt  done  in  the 
laboratory  of  MichaeUs.  This  author  made  an  attempt  to  estabhsh 
the  isoelectric  point  of  lecithin  and  found  that  it  varied  for  different 
samples,  occurring  at  a  pH  value  varying  between  2  and  4.  In  view 
of  the  fact  that  theoretically  it  may  be  expected  that  the  isoelectric 
point  of  lecithin  and  that  of  cephalin  should  occur  at  different  magni- 
tudes of  pH,  and  in  view  of  the  fact  that  the  material  in  the  hands  of 
Feinschmidt  was  undoubtedly  a  mixture  of  phosphatides,  it  is  important 
to  re-determine  the  isoelectric  points  of  phosphatides  on  pure  materials. 
Of  considerable  interest  from  both  practical  and  theoretical  viewp)oint 
is  the  observation  of  Feinschmidt  that  lecithin  may  combine  with 
protein  and  that  the  pH  value  of  the  isoelectric  points  of  the  resulting 
complex  differs  froni  that  of  either  of  the  original  materials.  This 
conclusion  also  needs  to  be  substantiated  by  more  careful  experi- 
mentation. 
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IV.   BIOLOGICAL  ASPECT  OP  THE   PHOSPHATIDBS 

The  interest  of  the  biologist  in  phosphatides  lies  not  in  the  theories 
of  its  structure,  but  in  the  part  the  substances  play  in  the  phenomena 
of  life.  The  investigator  even  at  the  end  of  the  eighteenth  and  of  the 
early  nineteenth  centuries  was  attracted  not  only  by  the  purely  chemical 
side  of  the  work,  but  also  by  its  possible  bearing  on  many  fundamental 
problems  of  life.  As  times  and  knowledge  progressed,  the  phosphatides 
were  called  upon  to  unravel  the  mystery  of  diverse  biological  phe- 
nomena, so  that  today  there  has  accumulated  a  volume  of  literature 
on  the  subject  too  large  for  one  man  to  digest  even  were  he  endowed 
with  extraordinary  abilities.  The  present  writer  has  watched  the 
biological  work  on  phosphatides  from  a  distance  and  hence  could  see 
only  the  currents  of  thought  contained  in  it.  Such  as  they  seem  to 
him  they  will  be  pointed  out  here.  A  few  of  them  will  be  analyzed 
from  the  viewpoint  of  chemical  theory,  while  some  will  be  simply 
referred  to. 

The  earlier  worker  on  phosphatides  was  interested  in  them  princi- 
pally because  they  seemed  to  him  specific  of  the  brain  and  nerve  tissue. 
Through  the  chemical  analysis  of  the  brain  and  of  other  organs,  in 
respect  to  their  phosphatides,  he  hoped  to  penetrate  into  the  causes 
of  mental  activity  and  of  the  respective  "quality"  of  the  brain  of 
persons  endowed  with  different  mental  abiUties.  Thus  the  brains  of 
the  idiot  and  of  the  normal  person  were  analyzed,  also  those  of  persons 
with  various  forms  of  insanity. 

Writes  Couerbe  in  1834,  "L'etude  chiimique  de  cette  masse  essentielle 
devra  done  n^cessairement  foumir  quelque  chose  de  remarquable 
surtout  si  elle  est  faite  sur  divers  cerveaux  provenant  d'individus 
ali^n^s,  d'individus  idiots,  enfin  dlndividus  a'  T^tat  normal.''  He 
then  proceeds  to  report  the  following  findings.  The  phosphorus  con- 
tent of  normal  individuals  varies  in  the  neighborhood  of  2.5  per  cent, 
that  of  idiots  is  about  1  to  1.5  per  cent,  and  that  of  insane  about  3 
to  4.5  per  cent.  Hence  he  reaches  the  conclusions  that  the  sensitiveness 
of  the  brain  is  intimately  associated  with  its  content  in  phosphatides. 

Couerbe's  trend  of  thought  inspired  many  workers  up  to  our  own 
day.  Waldemar  Koch  particularly  has  devoted  much  energy  to  the 
search  for  relationship  between  the  composition  of  brain  phosphatides 
and  the  physiological  or  pathological  condition  of  that  organ. 

Work  of  this  nature  was  justified,  especially  at  the  end  of  the  eigh- 
teenth and  the  early  mneteenth  centuries,  when  modem  theories  of 
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solutions,  of  diffusion  and  osmosis,  of  potential  differences  in  solutions, 
etc.,  did  not  exist,  and  when  elementary  composition  was  the  principal 
characteristic  of  a  substance  which  the  chemist  could  deal  with  intel- 
ligently. Of  more  modem  nature  is  the  work  which  attempts  to  find 
an  answer  to  the  question  of  the  biological  function  of  phosphatides 
on  the  basis  of  either  their  chemical  structure  or  of  their  physico- 
chemical  properties. 

The  details  of  the  current  of  thought  which  connects  chemical 
structure  and  biological  activity  is  the  following.  If  in  a  series  of 
organs  with  distinct  function,  or  in  the  same  organs  of  animals  of 
different  species,  the  phosphatides  possess  a  distinct  chemical  structure, 
then  it  may  be  assumed  that  the  phosphatides  play  a  part  in  bringing 
about  the  specificity  of  the  organ  or  of  the  species.  Such  a  part  might 
have  been  claimed  for  phosphatides  on  the  basis  of  the  work  of  S. 
Frankel  and  his  co-workers  who  were  led  to  believe  that  phosphatides 
differed  from  organ  to  organ  and  from  species  to  species.  However, 
the  various  substances  described  by  workers  in  Frankel's  laboratory 
did  not  stand  the  test  of  more  careful  analysis,  and  as  was  stated  in 
preceding  sections,  modem  work  tends  to  the  view  that  the  number  of 
phosphatides  is  limited  to  three:  lecithin,  cephalin  and  sphingomyelin. 
In  regard  to  lecithin,  there  exists  undisputed  evidence  that  the  one 
derived  from  the  Uver  differs  in  the  details  of  its  stmcture  from  that 
of  the  brain  and  of  the  egg  yolk.  The  extent  of  the  variations  in 
other  organs  is  not  yet  known.  Theoretically,  cephalin  and  sphingo- 
myelin also  permit  of  variations,  but  as  yet  there  is  no  evidence  of  the 
existence  of  such.  Thus  at  present  it  would  be  premature  to  formulate 
general  conclusions  as  to  the^  biological  r61e  of  phosphatides  on  the 
basis  of  their  chemical  variability. 

On  the  other  hand,  there  exists  evidence  that  cells  of  different  organs 
differ  in  the  proportions  of  total  phosphatides  contained  in  them. 
Nerking  called  attention  to  this  fact  in  1908.  In  1913  and  1914,  A. 
Mayer  and  Schaeffer  came  to  the  conclusion  that  the  content  of  phos- 
phatides is  a  constant  for  every  cell  or  tissue  and  apparently  is  inde- 
pendent of  the  physiological  factors  such  as  growth  or  state  of  nutrition. 
The  latter  condition  affects  the  content  of  phosphatides  exclusively  in 
the  Uver  and  then  in  a  slight  degree  only.  This  finding  is  very  signifi- 
cant inasmuch  as  it  may  be  used  as  a  basis  for  the  theory  that  biological 
specificity,  individuality,  or  character,  is  brought  about  not  by  single 
substances  but  rather  by  definite  and  constant  equilibria  of  substances. 
The  mechanism  by  which  such  equilibria  are  maintained  is  as  yet 
unknown. 
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The  universal  distribution  of  phosphatides,  their  constant  concen- 
tration in  the  same  cells  under  differing  conditions,  creates  the  beUef 
that  phosphatides  play  a  very  important  r61e  in  the  organization  of 
the  living  cell,  even  if  they  are  not  responsible  for  cell  specificity. 
The  explicit  function  of  phosphatides  was  therefore  the  subject  of  much 
speculation  by  both  the  older  and  modem  writers.  Physiologist, 
morphologist  and  physical  chemist  have  theorized  on  the  subject, 
each  from  his  own  an^e  of  vision.  The  general  physiologist  associated 
lecithin,  or  more  correctly  mixed  phosphatides  with  the  function  of 
tissue  oxidations.  Thunberg  and  A.  H.  Warburg  followed  the  rtde  of 
oxidation  of  lecithin  in  the  presence  of  iron,  and  were  inclined  to  asso- 
ciate cell  oxidation  with  phosphatides.  Other  workers,  as  KovUova, 
saw  in  phosphatides  substances  which  acted  catalytically  on  the  oxida- 
tive processes  of  the  animal  organism.  In  the  same  sense  may  be 
viewed  the  conclusions  of  Vernon  that  the  Miction  of  animal  oxidases 
is  dependent  on  the  presence  of  phosphatides.  Suggestive  as  the  work 
on  the  rdle  of  phosphatides  on  the  oxidative  processes  may  be,  one  must 
not  overlook  the  fact  that  the  conclusions  reached  through  it  are  rather 
of  a  speculative  nature  arid  are  not  the  only  possible  and  binding 
experimental  ccmclusions. 

More  modem,  definite  and  exact  is  the  work  which  deals  with  that 
biological  significance  of  phosphatides  based  on  their  physico-chemical 
properties.  It  has  already  been  stated  that  phosphatides  are  ampholites 
with  an  isoelectric  point  at  a  definite  hydrogen  ion  concentration,  also 
that  they  are  comparatively  only  slightly  soluble  in  water.  When  they 
are  inunersed  in  an  aqueous  solution  of  electrolytes,  a  heterogeneous 
system  is  established.  In  the  two  principal  phases  of  this  system 
salts  and  their  ions  are  distributed  in  different  concentrations.  The 
mechanism  which  brings  about  this  difference  in  concentration  is  per- 
haps not  very  simple.  Loeb  and  Beutner  who  were  the  firat  to  interest 
themselves  in  this  aspect  of  the  phosphatide  problem  explained  the 
phenomenon  on  the  basis  of  differences  in  the  solubility  of  the  ions 
in  water  and  in  phosphatides.  In  the  light  of  the  more  recent  work 
of  Loeb,  the  phenomenon  of  "membrane  equiUbrium"  discovered  by 
Donnan  may  play  a  more  important,  if  not  exclusive  part  in  bringing 
about  a  difference  in  the  ionic  concentration  within  and  without  the 
phosphatide  phase.  This  difference  of  concentration  in  its  turn  results 
in  a  difference  of  electric  potentials  which  follows  Nemst's  law.  Thus 
Loeb  and  Beutner,  and  Loeb,  have  shown  that  the  so-called  bioelectric 
currents  are  brought  about  in  part  by  the  physico-chemical  properties 
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of  the  phosphatides.  We  say  advisedly  ''in  part"  for  the  reason  that 
from  the  most  recent  work  of  Loeb,  it  follows  that  proteins  share  an 
equal  rdle  in  the  mechanism  of  bioelectric  currents. 

In  this  connection  must  be  mentioned  a  very  ingenious  suggestion 
concerning  the  r61e  of  phosphatides  made  by  Mulon.  According  to 
this  writer  phosphatides  are  present  in  mitochondria.  In  these  morpho- 
logical units  the  function  of  phosphatides  is  to  establish  a  certain 
equiUbrimn  of  electrolytes  within  and  without  them. 

Before  concluding  the  general  physiology  of  phosphatides,  it  is  well 
to  refer  to  the  work  dealing  with  the  synthesis  and  mode  of  catabolism 
of  phosphatides  within  the  organism.  The  advance  in  the  knowledge 
of  this  branch  of  the  subject  has  been  made  through  the  work  on  the 
developing  organism.  Strange  ai5  it  may  seem,  the  study  of  the  changes 
in  the  arrangements  of  the  various  phosphorus  compounds  in  the 
developing  egg  brought  out  not  the  mechanism  of  the  synthesis  of 
lecithin,  but  of  its  disintegration.  From  the  fact  that  in  course  of 
development  the  content  of  phosphatides  declines,  whereas  the  pro- 
portion of  inorganic  phosphatides  and  of  nucleins  rises,  it  may  be  con- 
cluded that  lecithin  in  part  serves  for  storing  the  phosphoric  acid  to 
be  released  for  other  purposes.  The  chemical  facts  underlying  this 
thought  seem  to  be  well  estabUshed  by  a  number  of  investigators: 
Kossell,  Maxwell,  Mesemitzy,  Schasel,  Carpeaux,  Plimmer  and  Scott, 
Robert  and  Wasteneys.  Naturally,  the  fact  that  the  reserve  lecithin 
is  broken  down  in  course  of  development  does  not  argue  against  the 
possibility  that  out  of  the  debris  new  lecithin  is  formed  in  the  young 
cells  of  the  embryo.  The  limitations  of  the  present  day  methods  make 
it  impossible  to  discover  such  a  process  even  though  it  exists.  On  the 
other  hand  real  synthesis  of 'lecithin,  it  is  claimed,  occurs  even  in  the 
•adult.  The  foundation  for  this  belief  is  the  following.  It  was  demon- 
strated by  Plimmer  that  intestinal  mucosa  contains  an  enzyme  capable 
of  hydrolyzing  lecithin,  aiJd  also  that  hens  fed  on  food  containing  a 
minimal  proportion  of  lecithin  lay  eggs  normal  in  respect  to  their 
phosphatide  content.  The  most  reliable  work  in  this  connection  was 
done  by  McCallum  and  his  co-workers,  and  by  Fingerling.  Also  Smith 
and  Mair  have  contributed  in  the  work  pointing  toward  this  theory. 
There  is  one  possible  objection  to  the  conclusion  of  McCallum  and 
other  workers  which  they  have  failed  to  take  into  account.  The 
phosphatides  which  they  regard  as  newly  formed  may  in  reality  only 
be  transported  from  other  organs.  This  objection  could  be  met  if  it 
were  shown  that  hens  could  lay  normal  eggs  indefinitely  if  maintained 
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on  food  containing  phosphoric  acid  only  in  form  of  its  inorganic  salt. 
A  more  definite  proof  for  the  assmnption  of  phosphatide  synthesis 
in  the  adult  organism  was  furnished  by  MacLean  and  WiUiams  (1909), 
who  observed  that  the  character  of  the  fatty  acids  of  the  lecithin  of  eggs 
varies  with  the  change  of  diet. 

Passing  from  general  to  special  physiology,  one  finds  two  chapters 
in  which  extensive  reference  was  made  to  phosphatides.  One  is  on 
fat  metabolism  and  the  other  on  blood  coagulation. 

in  connection  with  the  problem  of  fatty  acid  cataboUsm,  a  theory 
has  been  advanced  which  holds  that  fatty  acids  in  the  organism  prior 
to  their  combustion  enter  into  a  complex  molecule  which  by  their 
entrance  constitutes  lecithin.  This  theory  postulates  that  for  some 
reasons  chemical  or  physical,  fatty  acids  are  more  easily  oxidized  by 
the  organism  when  they  are  combined  with  glycerophosphoric  acid  than 
when  they  are  in  a  free  state.  Loew  theorized  on  this  subject  in  1899. 
Later,  McCollum  and  his  co-workers,  then  MacLrcan  and  Williams, 
and  still  later  Bloor,  furnished  experimental  evidence  supporting  the 
theory.  In  harmony  also  with  this  theory  is  the  finding  of  Levene 
and  Ingvaldsen  and  of  Levene  and  Simms,  that  Uver  lecithin  contains 
fatty  acids  of  a  higher  degree  of  unsaturation  than  that  of  other  organs. 
It  is  too  early  to  predict  the  fate  of  this  theory.  However,  its  analogy 
with  the  theory  of  the  oxidation  of  carbohydrates  in  the  living  organ- 
ism is  striking.  Here  also  it  is  claimed  that  prior  to  its  oxidation  the 
sugar  molecule  enters  into  union  with  phosphoric  acid,  and  that  thus 
united  it  is  more  susceptible  to  the  action  of  glycolytic  enzymes.  Both 
theories  offer  an  attractive  field  for  further  worfc. 

In  all  theories  on  blood  coagulation  since  the  days  of  Alexander 
Schmidt,  an  important  place  was  attributed  to  substances  which  are 
now  designated  as  ''lipoids."  In  recent  years  an  attempt  was  made  to 
single  out  that  one  of  the  various  ''lipoids"  which  participates  in  the 
process  of  blood  coagulation.  This  task  was  undertaken  by  Howell 
in  1912.  He  arrived  at  the  conclusion  that  only  cephaUn  possessed 
thromboplastic  properties.  Later  in  1917,  McLean,  a  student  of 
Howell,  connected  the  activity  of  cephalin  with  the  state  of  unsatura- 
tion of  one  of  the  fatty  acids  present  in  its  molecule.  In  the  pubUcation 
of  1912,  Howell  considers  the  possibility  of  the  active  principle  (throm- 
boplastic substances)  being  an  impurity  adhering  to  the  phosphatide, 
and  rules  this  assumption  out  on  the  basis  of  his  experience.  The 
finding  of  Howell  is  very  important.  To  the  knowledge  of  the  writer 
it  is  the  first  instance  where  a  definite  physiological  function  was  cor- 
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related  with  an  individual  phosphatide.  The  very  important  obser- 
vation of  Delezenne  and  Foumeau  of  a  similar  nature  will  be  referred 
to  later. 

To  the  writer  it  seems  that  further  work  is  required  before  the  actual 
part  of  cephalin  in  the  process  of  blood  coagulation  will  be  made  clear. 
According  to  Howell  and  other  workers,  egg  lecithin  has  no  thrombo- 
plastic  action.  In  the  light  of  our  present  knowledge  "lecithin"  as 
generally  used  is  a  mixture  of  undecomposed  lecithin  and  cephalin. 
"CephaUn,"  on  the  other  hand,  contains  all  that  is  contained  in  "leci- 
thin" and  in  addition  decomposition  products  of  lecithin  and  of  cephalin, 
together  with  other  impurities.  Such  was  the  material  prepared  by 
Howell.  The  purified  material  used  by  McLean  and  furnished  by 
Levene  and  West  was  free  from  lecithin  and  its  fragments,  and  was 
composed  of  cephalin,  its  decomposition  products  and  perhaps  some 
other  impurities.  The  fact  is  significant  that  partially  reduced  cephalin 
which  contained  fewer  impurities  than  the  original  material  was  inac- 
tive even  though  it  contained  part  of  its  imsaturated  radicles  unaltered. 

Thus  the  questions  that  arise  are:  Is  lecithin  in  its  thromboplastic 
action  antagonistic  to  cephalin?  Is  a  degree  of  decomposition  required 
to  render  cephalin  active,  and  if  so,  what  degree?  Finally,  is  thrombo- 
plastic activity  due  to  something  other  than  cephalin  but  adhering 
to  it?  These  problems  will  be  solved  only  after  the  methods  of  prepa- 
ration of  pure  cephalin  have  been  perfected. 

Many  other  chapters  of  physiology  deal  with  the  phosphatides. 
As  already  mentioned,  the  references  are  too  numerous  to  be  discussed 
analytically  and  critically  in  a  short  review.  On  the  other  hand,  they 
interest  principally  the  specialist  and  not  the  one  seeking  general 
information.  The  reviewer  begs  the  indulgence  of  the  authors  whose 
work  he  has  failed  to  discuss. 

Before  concluding  the  review  he  wishes,  however,  to  make  a  few 
remarks  in  connection  with  the  r61e  of  lipoids  in  pathology  and  in 
clinical  medicine.  Great  importance  has  been  attributed  to  the  distri- 
bution of  phosphatides  in  the  various  organs  and  particularly  in  the 
blood  in  certain  pathological  conditions.  The  value  of  such  work 
depends  entirely  on  the  degree  of  exactness  of  the  analytical  methods 
employed  for  this  purpose.  Bloor  and  Greenwald  have  contributed  a 
great  deal  to  place  the  problem  on  a  more  modem  basis. 

To  those  who  are  interested  in  work  on  immunity,  or  in  work  on  the 
physiological  action  of  phosphatides  as  chemical  individuals,  the  re- 
viewer desires  once  more  to  point  out  the  importance  of  the  observa- 
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tions  of  Delezenne  and  Foumeau  on  hemolysis,  and  those  of  MacLean 
on  vitamines.  Delezenne  and  Fonrneau  have  demonstrated,  as  Man- 
waring  suggested  before  them,  that  in  hemolysis  a  cleavage  product  of 
lecithin  is  the  active  agent.  Hence,  when  the  activity  of  a  phosphatide 
is  tested,  one  must  distinguish  between  the  pure  intact  phosphatide 
and  a  mixture  containing  besides  the  phosphatide,  also  the  products 
of  its  partial  disintegration. 

The  work  of  MacLean  has  demonstrated  the  extreme  caution  which 
one  has  to  exercise  in  regard  to  conclusions  concerning  the  physiological 
activity  of  such  substances  as  phosphatides.  It  had  been  claimed  that 
lecithin  could  function  as  a  vitamine.  MacLean  has  proven  that  it 
fimctioned  in  this  manner  only  when  impure,  and  that  it  lost  its  vitamine 
activity  when  purified.  It  is  a  very  diflScult  and  laborious  process  to 
purify  phosphatideis,  but  for  pharmacological  and  immunity  work 
only  pure  substances  should  be  employed. 
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PHYSIOLOGICAL  OXIDATIONS 

H.  D.  DAKIN 

Scarhorough-an-Hudaonf  New  York 

Oxidation  in  the  living  cell  is  primarily  for  the  purpose  of  rendering . 
energy  available  for  useful  purposes.  The  evolution  of  heat  which  is 
characteristic  of  oxidation  is  of  direct  value  for  the  maintenance  of 
body  temperatiu-e  for  only  a  minority  of  Uving  forms,  and  the  trans- 
formation of  energy  into  other  forms  than  heat  is  of  greater  significance. 
It  is  clear  that  apart  from  the  mechanism  of  the  actual  combustion  the 
mobilization  and  mode  of  utiUzation  of  the  Uberated  energy  is  of  at 
least  equal  importance.  In  the  following  review  the  chemical  processes 
concerned  with  oxidations  in  living  tissues  alone  will  be  considered, 
leaving  the  more  strictly  biological  portion  of  the  subject  to  others 
more  competent  to  deal  with  it. 

Information  concerning  physiological  oxidation  is  chiefly  derived 
from  two  sources;  namely,  direct  observation  of  biochemical  processes, 
the  results  of  which  are  theil  compared  and  contrasted  with  reactions 
occiuring  independently  of  Uving  organisms;  and  secondly,  the  appli- 
cation of  knowledge  gained  in  the  study  of  oxidations  in  vitro  to  re- 
actions occurring  in  organized  cells.  This  of  course  presupposes  that 
no  fundamental  differences  in  kind  necessarily  exist  between  oxidations 
which  are  brought  about  in  Uving  tissues  and  by  the  chemist's  reagents. 
This  supposition  which  so  many  seemed  to  question  a  few  years  ago 
seems  to  gain  in  probabiUty  as  research  extends  the  scope  of  experi- 
mental investigation.  It  follows  therefore  that  every  advance  in  our 
knowledge  of  simple  oxidation  reactions  gained  in  the  chemical  labora- 
tory should  be  most  carefuUy  scrutinized  with  a  view  to  discovering 
possible  biochemical  analogies.  Certain  chemical  researches  of  this 
character  appear  so  significant  for  biochemistry  that  they  may  be  at 
once  referred  to  before  passing  to  the  consideration  of  the  oxidation  of 
more  strictly  biological  substances. 

Oxidations  in  vitro.  The  apparent  absolute  necessity  for  the  parti- 
cipation of  water  at  some  stage  in  almost  every  oxidation  is  a  fact  of 
great  significance.  As  every  one  knows,  the  taking  up  by  a  substance 
of  oxygen  is  called  "oxidation,"  while  parting  with  it  is  called  "reduc- 
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tion;"  and  by  convention,  the  loss  of  hydrogen  by  a  substance  is  also 
tenned  oxidation,  while  gain  in  hydrogen  is  regarded  as  reduction. 
This  convention  tacitly  impUes  the  participation  of  water  in  some  stage 
of  the  reaction,  but  it  is  only  recently  that  much  Ught  has  been  thrown 
on  the  function  of  water  in  simple  oxidations.  It  has  long  been  known 
in  terms  of  the  electrolytic  dissociation  hypothesis  that  the  oxidation 
of  ions  is  synonjmious  with  an  increase  in  their  positive  ionic  charge, 
or,  what  is  equivalent,  a  reduction  of  the  negative  charge,  while  reduc- 
tion involves  the  diminution  of  the  positive  or  increase  of  the  negative 
ionic  charge.  It  was  a  rational  assimiption  to  suppose  that  the  func- 
tion of  the  water  found  to  be  necessary  in  many  simple  oxidations  was 
concerned  with  the  furtherance  of  ionic  dissociation  and  that  without 
ionic  dissociation  in  the  absence  of  water  no  chemical  reaction  would 
occur.  It  appears  however  that  water  plays  a  much  more  important 
rdle  than  that  just  indicated.  With  regard  to  chemical  reactions  gen- 
erally including  oxidations,  it  is  becoming  increasingly  evident  that 
the  participating  molecules  are  prone  to  unite  with  the  formation  of 
unstable  additive  compounds  which  then  undergo  intramolecular 
rearrangement  and  brpak  down  into  the  simple  end  products  of  the 
reaction. 

Recently  H.  v.  Wartenberg  and  Sieg  (51),  utilizing  earlier  experi- 
ments of  Wieland  and  others,  have  produced  the  most  positive  and 
convincing  evidence  that  the  oxidation  of  the  simplest  carbon  com- 
pound, carbon  monoxide,  to  carbon  dioxide  by  means  of  oxygen  takes 
place  in  the  following  phases: 

CO  +  H,0  =  HCOpH 
HCOOH«CO,  +  H, 

H,0,  =  H,0  +  JO, 

The  above  scheme  effects  a  reconcihation  between  older  views 
advanced  by  Dixon  (14),  Traube  and  others.  Perhaps  one  of  the 
most  extraordinary  observations  concerned  with  this  reaction  is  the 
fact  that  while  water  is  absolutely  necessary  for  the  reaction,  free  oxygen 
is  not  essential;  for  Wieland  showed  that  using  palladium  black  in  the 
absence  of  oxygen  but  in  the  presence  of  water,  carbonic  oxide  could 
be  oxidized  ^o  carbon  dioxide  at  room  temperature  with  liberation  of 
hydrogen.  It  should  be  understood  that  the  above  scheme  of  reaction 
for  the  burning  of  carbonic  oxide  is  not  a  figment  of  the  chemist's  im- 
agination but  is  based  on  the  actual  isolation  under  suitable  experimental 
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conditions  of  formic  acid,  hydrogen  and  hydrogen  peroxide  as  inter- 
mediate products. 

An  analogous  reaction  undoubtedly  takes  place  in  the  combustion 
of  methane  in  oxygen,  for  Bone  and  Wheeler  (12)  have  detected  the 
formation  of  large  amounts  of  formaldehyde.  It  is  probable  that  for- 
maldehyde is  not  the  first  product  but  derived  from  an  earUer  more 
imstable  addition  compound  and  that  it  then  undergoes  simultaneous 
oxidation  to  carbonic  oxide  and  carbon  dioxide. 

On  glancing  once  more  at  the  series  of  equations  representing  the 
combustion  of  carbon  monoxide  it  will  be  noted  that:  a,  A  primary 
unstable  addition  compound  (formic  acid)  is  produced.  6,  Hydrogen 
is  then  separated  from  this  addition  compound,  c,  The  hydrogen  then 
unites  or  is  "accepted"  by  free  oxygen  with  the  formation  of  a  peroxide, 
d,  The  peroxide  decomposes  to  give  water  with  re-Uberation  of  molecular 
oxygen  in  amount  equal  to  half  of  that  taking  part  in  reaction  c.  It  is 
reasonable  to  believe  that  if  the  simple  reaction  CO  +  O  =  CO2  is  in 
reaUty  resolvable  into  four  concurrent  chemical  changes,  a  closer  analysis 
of  biochemical  oxidations  wiU  reveal  similar  analogies,  and  indeed  they 
are  already  being  discovered.  It  will  be  seen, that  in  the  reactions 
concerned  with  the  oxidation  of  carbon  monoxide  to  carbon  dioxide, 
the  most  essential  change  consists  in  the  removal  of  hydrogen  from  the 
formic  acid  resulting  from  the  imion  of  carbon  monoxide  and  water 
and  that  oxidation,  strictly  speaking,  only  begins  when  the  liberated 
hydrogen  has  to  be  dealt  with.  This  conception  of  the  labihty'  of 
hydrogen  as  being  at  the  root  of  many  or,  as  some  suppose,  all  oxidations 
is  one  of  the  newer  ideas  that  is  bound  to  affect  the  study  of  biochemical 
oxidations  profoundly.  These  ideas  have  been  largely  but  not  exclus- 
ively developed  by  H.  Wieland  (54)  and  according  to  them  oxidation 
is  to  be  regarded  essentially  as  a  process  of  dehydrogenation.  It  is 
interesting  to  recall  that  many  years  ago  Hoppe-Seyler  ascribed  the 
alleged  activation  of  oxygen  in  Uving  cells  to  the  resolution  of  the  oxygen 
molecule  by  nascent  hydrogen  or  similar  reducing  agent  with  formation 
of  water  and  an  atom  of  active  oxygen.  Hoppe-Seyler's  theory  as 
originally  advanced  is  clearly  not  in  harmony  with  present  knowldege 
but  it  will  be  found  that  modem  conceptions  bear  not  a  Uttle  resemblance 
to  much  of  his  teaching. 

Wieland^ 8  theory  of  dehydrogenation.  The  essential  difference  between 
Wieland's  theory  of  oxidation  and  most  previous  conceptions  such  as 
those  6f  Bach  and  Chodat  Ues  in  the  fact  that  no  activation  of  oxygen 
is  postulated  but  rather  an  activation  of  hydrogen  which  in  the  presence 
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of  a  suitable  acceptor  is  removed  with  resulting  oxidation  of  the  original 
substance.  As  an  acceptor  for  hydrogen,  oxygen  naturally  plays  an 
important  r61e  with  consequent  production  of  water,  but  other  reducible 
substances  such  as  quinones  and  quinonoid  dyes,  such  as  methylene 
blue,  may  serve  equally  well.  In  the  living  cell  the  effects  of  such 
acceptors  have  long  been  known  and  recently  Hopkins  has  actually 
isolated  and  identified  such  a  compound.  These  researches  will  be 
referred  to  later. 

Most  of  Wieland's  earUer  experiments  were  made  using  allpadium  as 
catalyst.  As  is  well  known  palladium,  which  absorbs  hydrogen  freely, 
is  commonly  used  as  a  catalyst  to  effect  reductions  of  organic  compounds 
by  shaking  with  hydrogen  gas.  Wieland  showed  first  of  all  that  these 
reactions,  which  were,  it  is  true,  known  to  be  reversible  at  very  high 
temperatures,  were  really  reversible  changes  at  room  temperature. 
For  example,  he  demonstrated  that  while  benzoquinone  is  readily  reduced 
by  hydrogen  and  palladium  to  hydroquinone  the  latter  substance  could 
be  equally  well  oxidized  to  benzoquinone.  In  other  words,  a  condition 
of  equilibrium  existed  which  could  be  shifted  according  to  experimental 
conditions.  Similar  observations  were  made  on  the  interconversion 
of  alcohols  and  aldehydes: 

OH 
+  H,  ^    I       1  RCHO  +  H,  ;=±RCH,OH 


But  what  was  of  greater  importance  was  the  demonstration  that  the 
oxidation  could  be  brought  about  in  the  entire  absence  of  free  oxygen. 
The  conclusion  was  inevitable  that  the  apparent  oxidation  was  due  to 
the  transport  of  labile  hydrogen  from  the  hydroquinone  to  the  palladium. 
Naturally  the  reaction  cannot  proceed  very  far  unless  means  are  taken 
for  the  removal  of  hydrogen  from  the  palladium  which  as  already  stated 
may  be  accomplished  by  oxygen  or  some  other  reducible  substance. 

According  to  these  views  the  catalytic  function  of  the  palladium  is 
to  be  sought  not  in  an  activation  of  oxygen  with  possible  intermediate 
formation  of  peroxides  but  rather  in  an  activation  of  the  hydrogen 
atoms  of  the  oxidizable  substance. 

The  reactions  above  referred  to  represent  oxidations  due  to  the 
removal  of  hydrogen,  but  Wieland  has  shown  that  his  dehydrogenation 
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theory  of  oxidation  is  also  applicable  to  eases  in  which  oxidation  is 
accompanied  by  the  entrance  of  oxygen  into  the  molecule.  For  example, 
he  showed  that  aldehydes  reacting  in  the  form  of  their  hydrates  could 
be  oxidized  to  the  corresponding  acid  by  palladium  and  a  hydrogen 
acceptor: 

yOH  yOH 

RCHO       ►       RC— OH       ►       RC  =  0  +  H, 

aldehyde  aldehyde-hydrate  aqid 

The  probabiUty  of  the  correctness  of  this  view  of  the  mechanimn  was 
enhanced  by  the  fact  that  when  water  was  absent  from  the  reacting 
mixture  and  no  possibility  existed  for  the  formation  of  the  hydrate 
form  of  the  aldehyde,  no  oxidation  took  place.  It  should  not  be  for- 
gotten, however,  that  under  different  conditions  the  oxidation  of  alde- 
hydes to  acids  with  the  intermediate  formation  of  a  peroxide  has  been 
satisfactorily  established  by  Baeyer  and  Villiger.  The  change  in  the 
case  of  benzaldehyde  may  be  represented  as  follows: 

CHs  •  CHO  +  Oi  =  CeHi  •  CO  •  O  •  OH  (benzoylhydrogen  peroxide) 
C JI»  •  CO  O  •  OH  +  C.H5  •  CHO  -  2C.H4  •  COOH 

The  apphcation  of  Wieland's  theory  to  biochemical  reactions  has 
been  made  with  noteworthy  success  in  spite  of  the  fact  that  most 
biochemists  are  prejudiced  in  favor  of  conceptions  involving  oxygen 
activating  ferments.  In  the  first  place  it  was  necessary  to  show  that 
the  materials  which  furnish  the  main  suppUes  of  energy  to  living  cells 
are  capable' of  undergoing  dehydrogenation.  This  was  accomplished 
by  demonstrating  that  many  metabolites  could  be  oxidized  in  the 
complete  absence  of  oxygen  using  palladium  as  catalyst  so  as  to  yield 
hydrogen  and  oxidation  products.  In  the  presence  of  a  suitable  acceptor 
for  the  hydrogen  the  oxidation  was  naturally  effected  more  completely. 

Glucose  and  gluconic  acid,  for  example,  are  readily  oxidized  to  carbon 
dioxide.  Lactic  acid  gave  pyruvic  acid  and  hydrogen  as  initial  products, 
this  representing  a  reversible  reaction  known  to  occur  both  in  the  body 
and  outside  it.  If  the  hydrogen  is  removed  as  formed  by  shaking  with 
oxygen,  the  yield  of  pyruvic  acid  is  at  first  greatly  increased,  but  later 
on  it  decomposes  with  production  of  acetic  acid  and  carbon  dioxide. 
This  last  reaction  suggests  that  the  system  under  consideration  has  also 
the  effect  of  Neuberg's  carboxylase  ferment  converting  the  pyruvic  acid 
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into  acetaldehyde  and  carbon  dioxide,  the  aldehyde  hydrate  then  being 
further  dehydrogenated  with'  production  of  acetic  acid. 

CHjCHOHCOOH  =  CH,- CO  •  COOH  +  H, 

i 
CH,COH-HCOt 

^   X)H 

ch,-  c— oh  ->  ch,-  cooh  +  h, 
\h 

In  addition  to  the  above  mentioned  reactions  many  others  which 
were  hitherto  regarded  as  typical  of  the  action  of  oxydizing  ferments 
were  shown  by  Wieland  to  be  equally  well  carried  out  in  the  absence 
of  free  oxygen  through  catalytic  dehydrogenation  with  palladium. 
Negative  results  were  however  obtained  with  tyrosine  and  with  uric 
acid.  It  is  therefore  not  possible  to  simulate  the  action  of  tyrosinase 
and  uricase  with  palladium,  and  this  failure  Wieland  is  inclined  to 
ascribe  to  the  necessity  for  hydrolytic  ferments  to  act  in  conjunction 
with  the  specific  *'  oxidases." 

Perhaps  the  most  striking  demonstration  of  the  probability  that 
many  tissue  oxidations  are  in  reality  dehydrogenations  has  been  fur- 
nished by  Wieland  in  the  case  of  the  ferment  of  acetic  acid-forming 
bacteria.  In  these  experiments  no  palladium  is  used  but  either  the 
Uving  or  dead  bacteria  are  used  in  its  place.  In  the  complete  absence 
of  oxygen,  but  using  methylene  blue  or  quinone  as  hydrogen  acceptor, 
ethyl  alcohol  may  be  converted  into  acetic  acid  and  furthermore  the 
yield  of  acetic  acid  precisely  corresponds  to  the  amount  of  dyestuff 
undergoing  reduction.  Acetaldehyde  is  of  course  an  intermediate 
product  of  the  reaction. 

The  well-known  Schardinger  test  for  distinguishing  heated  from  fresh 
milk  depends  upon  the  fact  that  methylene  blue  which  when  present 
alone  is  extremely  slowly  reduced  by  fresh  milk,  is  rapidly  reduced  when 
an  aldehyde  is  present.  A  thermolabile  catalyst  is  clearly  concerned 
in  the  reaction.  It  is  now  realized  that  the  reaction  depends  upon  the 
reduction  of  the  methylene  blue  when  the  dye  acts  as  an  acceptor  for 
hydrogen  set  free  by  the  oxidation  of  the  aldehyde  by  dehydrogenation. 
Wieland  has  shown  that  the  three  following  typical  aldehyde  reactions 
are  catalyzed  by  unboiled  milk: 

a.  The  reduction  of  quinonoid  dyes,  e.g.,  methylene  blue. 

b.  The  oxidation  of  aldehyde  by  molecular  oxygen. 
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c.  The  aldehyde-mutase  or  Cannizzaro  reaction  by  which  two  mole- 
cules of  an  aldehyde  are  converted  into  one  molecule  of  an  acid  (oxidation) 
and  one  molecule  of  the  corresponding  alcohol  (reduction). 

Furthermore  by  the  careful  studies  of  the  kinetics  of  the  change 
Wieland  has  shown  with  the  greatest  probabihty  that  the  same  catalyst, 
namely,  a  "dehydrase*'  is  responsible  for  the  acceleration  of  all  thi-ee 
reactions.  The  evidence  advanced  by  Wieland  is  so  strong  that  there 
can  hardly  be  any  doubt  that  the  oxidase,  reductase,  and  aldehyde- 
mutase  effects  of  milk  are  due  to  one  and  the  same  ferment,  a  "dehy- 
drase,"  functioning  in  much  the  same  fashion  as  the  palladium  catalyst 
used  in  the  earlier  experiments. 

It  would  therefore  appear  very  probable  that  many  other  long- 
cherished  oxidase  and  reductase  reactions  of  living  cells  will  have  to  be 
reviewed  and  that  the  effects  which  have  hitherto  been  ascribed  to 
them  will  be  found  to  represent  one  or  other  phase  of  a  series  of  con- 
current reactions  primarily  induced  by  a  "dehydrase."  The  conse- 
quences of  such  a  revision  can  hardly  be  estimated  at  the  moment  but 
that  it  will  upset  many  long-estabUshed  preconceptions  is  certain. 

It  is  not  surprising  that  Wieland's  views  have  evoked  criticism  from 
the  upholders  of  the  Bach-Engler  theory  of  oxidation  based  on  the 
activation  of  oxygen  and  from  those  who  prefer  to  regard  "reductase" 
effects  as  distinct  from  oxidation  phenomena.  The  most  important  of 
these  criticisms  will  be  found  in  a  carefully  reasoned  paper  by  Bach  (3) 
published  in  1913.  Bredig's  paper  (13),  while  mainly  concerned  with 
unimportant  questions  of  priority  may  also  be  consulted  with  advantage. 
The  reviewer  is  of  the  opinion  that  the  acceptance  of  Wieland's  views 
does  not  necessitate  the  complete  abandonment  of  the  Bach-Engler 
theories  of  oxygen  activation.  Wieland  is  ready  to  admit  that  the  oxi- 
dation of  aldehydes  and  other  unsaturated  compounds  in  the  absence 
of  water  takes  place  by  direct  imion  with  molecular  oxygen  with  forma- 
tion of  peroxides.  Furthermore  it  should  be  noted  that  when  oxygen 
acts  as  an  acceptor  for  hydrogen  according  to  Wieland's  hypothesis, 
hydrogen  peroxide  and  not  water  is  the  primary  product.  The  far-reach- 
ing analogies  between  many  types  of  tissue  oxidation  and  those  effected 
in  vitro  by  hydrogen  peroxide  may  well  be  due  in  part  to  peroxides  formed 
secondarily  to  dehydrogenation  reactions.  It  is,  for  example,  conceiv- 
able that  the  oxidation  of  a  fatty  acid  such  as  butyric  acid  to  a  jS-ketonic 
acid  may  take  place  through  the  agency  of  a  peroxide  type  of  oxidizing 
agent  analogous  to  its  oxidation  in  vitro  with  hydrogen  peroxide,  while 
the  formation  of'the  unsaturated  acid  may  be  due  to  dehydrogenation. 
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It  will  be  noted  that  both  the  ketonic  and  unsaturated  acids  so  fre- 
quently encountered  as  intermediary  metaboUtes  can  function  as 
hydrogen  acceptors  : 

+  H, 
CH,-  CO  •  CHi-  COOH >  CH,-  CHOH  •  CH,-  COOH 

CH,-  CH,-  CH,-  COOH  ,  „ 

CH,-  CH  =  CH  -  COOH >  CH,-  CH,-  CH,-  COOH 

'^GliUcUhione^^  of  Hopkins.  Within  the  last  few  months  announce- 
ment has  been  made  of  the  isolation  and  identification  of  an  autoxidiz- 
able  substance  which  bids  fair  to  be  of  altogether  exceptional  importance 
in  relation  to  the  oxidations  and  reductions  occurring  in  living  cells. 
The  compound  has  been  shown  by  Hopkins  (33)  to  occur  in  most  if 
not  all  actively  Uving  organisms,  both  animal  and  vegetable,  and  hence 
may  lay  claim  to  general  significance.  The  substance  which  is  ther- 
mostable and  not  hydrolyzed  by  proteoclastic  ferments  is  made  up  by 
the  union  of  glutamic  acid  and  cystine  (or  cysteine).  The  combination 
of  the  two  amino-acids  occurs  through  the  union  of  an  amino  group  of 
one  acid  with  a  carboxyl  group  of  the  other  with  removal  of  water  but 
three  possibilities  exist  for  glutamic  acid-cystine  combination  of  this 
type  and  the  exact  allocation  of  the  position  of  union  awaits  final  deter- 
mination and  confirmation  by  synthesis.  The  reduced  form  of  the 
substance,  corresponding  to  cysteine,  and  the  oxidized  form,  corre- 
sponding to  cystine,  may  be  represented  as  follows,  G  representing  a 
glutamic  acid  nucleus  attached  either  to  the  amino  or  carboxyl  groups 
of  the  cystine: 

CH,SH  CH,-  -  S  -  S  -  CH, 

I                              I                             I 
CHNH....  CHNH....  CHNH 

I  II' 

CO....G  CO....G  CO....G 

It  will  be  seen  that  the  passage  from  the  reduced  to  the  oxidized 
form  involves  the  loss  of  a  hydrogen  atom  and  a  doubling  of  the  molec- 
ular weight,  and  vice  versa.  The  change  of  the  reduced  to  the  oxidized 
form  takes  place  under  the  influence  of  ordinary  oxygen  apparently 
with  intermediate  function  of  hydrogen  peroxide  which  in  turn  gives 
water  and  inactive  oxygen.  On  the  other  hand  fresh  tissues  can  reduce 
the  oxidized  di-sulphide  form  to  the  simple  sulphydric  compound. 
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RCHiSH        HS-CH,R 
+  0,' 

i 
RCH,S-SCH,R  +  H,0, 
+  H, 

i 
RCH,SH  +  SHCH,R 

This  pair  of  substances,  readily  interconvertible  under  conditions 
prevailing  in  the  cell,  possess  precisely  the  properties  which  a  co-ferment 
adapted  to  an  oxidase  system  would  be  expected  to  possess  and  as  such 
they  occupy  thus  far  a  imique  position.  The  reduced  (SH)  form  present 
in  almost  all  living  cells  can  take  up  molecular  oxygen  while  the  oxidized 
(S-S)  form  so  produced  can  act  as  a  hydrogen  acceptor  and  so  catalyze 
oxidation  reactions  of  the  type  described  by  Wieland  to  which  reference 
has  already  been  made. 

The  following  experiments  of  Hopkins  aflford  convincing  evidence  that 
glutathione  plays  a  real  part  in  cell  dynamics.  Fresh  tissues  of  course 
reduce  methylene  blue  and  so  does  the  reduced  glutathione.  On  the 
other  hand  fresh  tissues  reduce  the  oxidized  glutathione  and  from  this 
it  would  at  first  appear  that  the  tissues  had  a  greater  reduction  Qower 
oxidation)  potential  than  that  due  to  the  SH  group  of  glutathione. 
Hopkins  has  found,  however,  that  as  a  matter  of  fact  the  relations 
depend  upon  the  hydrogen  ion  concentration  of  the  medium.  If  the 
oxidized  glutathione  and  fresh  tissue  are  added  to  a  methylene  blue 
solution  which  is  even  very  slightly  on  the  acid  side  of  neutraUty,  e.  g., 
pH  —  6.8  — the  reduction  of  the  dye  is  greatly  slowed.  The  glutathione 
under  these  conditions  is  simply  acting  as  a  hydrogen  acceptor,  com- 
peting with  the  methylene  blue  in  this  respect  and  delaying  or  preventing 
the  reduction  of  the  latter.  If  the  reaction  of  the  medium  is  changed 
to  pH  —  7.4  or  sUghtly  greater,  the  normal  rate  of  reduction  of  methylene 
blue  by  tissues  in  the  presence  of  oxidized  glutathione  is  greatly 
accelerated.  The  results  are  explained  on  the  assiunption  that  in  the 
acid  medium  the  S-S  group  of  the  glutathione  acts  simply  as  a  hydrogen 
acceptor  and  the  reduced  compound  thus  formed  is  too  stable  to  transfer 
its  hydrogen  to  another  acceptor.  In  neutral  or  alkaUne  solution  this 
transference  does  take  place  and  the  hydrogen  is  used  in  the  reduction 
of  methylene  blue.  The  important  fact  follows  from  these  observations 
that  the  two  reactions  concerned  in  the  transference  of  hydrogen  to 
the  S-S  group  oxidized  in  glutathione  under  the  influence  of  a  tissue 
enzyme  and  its  subsequent  transference  to  the  methylene  blue,  have  a 
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greater  velocity  than  the  direct  reduction  of  methylene  blue  by  the 
tissues.  The  function  of  the  glutathione  is  thus  essentially  catalytic 
and  the  substance  must  be  regarded  as  a  co-enzyme. 

The  concentration  of  glutathione  in  the  tissues  is  very  low  but  as 
already  stated  its  distribution  is  extremely  wide.  The  blood  proteins 
appear  to  contain  vanishingly  small  amounts  or  possibly  none  and  this 
observation  agrees  with  the  growing  conviction  that  scarcely  any  oxi- 
dation of  moment  occurs  in  this  medium.  Yeast  furnishes  useful 
material  for  the  preparation  of  glutathione  though  animal  organs  may 
serve  equally  well.  The  process  of  separation  is  laborious  and  difficult 
and  depends  largely  on  the  skilful  use  of  metaUic  salt  precipitants 
including  mercuric  sulphate,  which  Hopkins  has  previously  turned  to 
good  account.  Fortimately  a  qualitative  test  already  described  by 
Momer  and  by  Heffter  for  sulphydryl  compounds  has  been  foimd 
applicable  which  does  not  require  previous  separation  of  the  glutathione. 
This  reaction  consists  in  the  production  of  a  purple  or  permanganate 
color  when  the  tissue  or  substance  to  be  tested  is  suspended  in  saturated 
ammonium  sulphate  solution  and  sodium  nitroprusside  followed  by 
excess  of  ammonia  is  added.  This  color  reaction  is  only  given  by  the 
reduced  glutathione  and  not  by  the  disulphide  form.  With  the  use 
of  this  reaction  it  is  possible  to  show  the  absence  of  glutathione  in  the 
fresh  hen's  egg  but  a  thirty-six  hour  chicken  embryo  gives  a  strong 
reaction  while  the  surroimding  material  gives  none.  Preliminary 
experiments  appear  to  show  that  tumor  cells  contain  less  glutathione 
than  neighboring  tissues.  The  further  investigation  of  glutathione 
will  be  awaited  with  the  greatest  interest  since  there  is  good  reason  to 
beUeve  that  its  study  may  reveal  many  additional  important  facts  in 
connection  with  the  respiratory  changes  in  living  tissues. 

Certain  observations  made  by  Meyerhof  (41),  (42)  in  1918  on  oxida- 
tion processes  in  dead  yeast  cells  and  yeast  extracts  acquire  new  interest 
in  the  light  of  Hopkins*  investigations.  Meyerhof  foimd  that  respira- 
tory changes  practically  ceased  when  acetone-yeast  preparations  were 
exhaustively  washed  with  water,  but  that  they  could  be  revived  by  the 
simple  addition  of  the  aqueous  extract  to  the  killed  yeast.  He  further- 
more showed  that  these  washings  gave  qualitative  reactions  indicating 
the  presence  of  a  compound  containing  the  SH  group  but  did  not  succeed 
in  further  defining  the  substance.  Meyerhof  was  also  able  to  show 
that  washed  killed  yeast  in  which  respiratory  changes  were  in  abeyance 
could  be  stimulated  to  carry  on  oxidation  reactions  by  the  addition  of 
thioglycollic  or  a-thiolactic  acid,  although  a  careful  analysis  of  the  change 
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induced  by  these  thio-acids  showed  that  it  was  not  identical  in  intensity 
with  that  evoked  by  th'e  yeast  washings  containing  sulphydryl  com- 
pounds and  moreover  differed  in  some  other  respects.  There  can  be 
little  or  no  doubt  that  the  activator  to  respiratory  activity  in  killed 
washed  yeast,  present  in  the  aqueous  washings  observed  by  Meyerhof, 
was  none  other  than  the  Hopkins  glutathione. 

Glutathione  has  undoubtedly  connections  with  the  "philothion" 
of  de  Rey-Pailhade  described  many  years  ago.  It  will  be  recalled  that 
this  author  foimd  that  certain  proteins  and  many  tissues  had  the 
property  of  liberating  hydrogen  sulphide  when  digested  with  finely 
divided  sulphur.  The  reaction  was  originally  regarded  as  a  fermenta- 
tive reductase  reaction.  It  is  interesting  to  note  that  as  early  as  ld04 
Heffter  and  Hausmann  (30)  expressed  the  view  that  the  reaction  had 
great  similarity  to  the  production  of  hydrogen  sulphide  from  mercaptans 
or  other  sulphydryl  compounds: 

2  R.SH  +  S  =  H2S  +  R.S  —  S.R 

That  glutathione  is  the  sulphydryl  compound  present  in  tissues  and 
capable  of  bringing  about  the  above  reaction  has  been  definitely  proved. 
Heffter  (31)  had  indeed  already  shown  as  early  as  1907  that  an  aqueous 
extract  of  acetone  yeast  contained  an  unidentified  compound  containing 
a  (SH)  group  as  judged  by  positive  nitroprusside  reactions  and  that  the 
extract  could  exert  the  reducing  properties  ascribed  to  "philothion." 
The  autoxidizable  properties  of  sulphydryl  compoimds  and  their  possible 
function  in  the  cell  as  oxygen  acceptors  and  as  catalytic  reducing  agents 
was  also  emphasized  by  Heffter  who  regarded  them  as  "  pseudooxidases" 
according  to  Engler's  scheme  of  classification. 

Thunberg  (49)  has  recently  made  some  highly  suggestive  studies  on 
the  oxidation  or  rather' dehydrogenation  of  intermediary  products  of 
metabolism.  He  finds  that  when  the  finely  chopped  muscle  of  a  freshly 
killed  frog  is  thoroughly  washed  with  water  it  loses  its  power  to  reduce 
methylene  blue  in  the  absence  of  oxygen.  When  however  certain 
metaboHtes  which  do  not  themselves  reduce  the  dye  are  added  to  the 
washed  muscle  the  power  to  decolorize  the  methylene  blue'  is  restored 
wholly  or  in  part.  The  change  is  represented  by  Thunberg  as  due  to 
the  action  of  specific  enzymes  which  have  the  power  to  effect  the 
removal  of  hydrogen  from  the  metaboUte  and  transfer  it  to  the  methy- 
lene blue  which  is  then  reduced.  The  ferments  are  given  the  generic 
name  of  "  hydrogentransportases."  Under  normal  conditions  the  hydro- 
gen is  supposed  to  be  burned  to  water  or  used  for  the  reduction  of  other 
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compounds.  The  specificity  of  the  enzymes  is  rather  imconvincingly 
inferred  from  their  unequal  resistance  to  thermal  changes.  Thimberg 
regards  all  food  substances  as  essentially  "hydrogen  donators"  and 
hydrogen  is  regarded  as  the  common  fuel  of  tissue  combustions.  De- 
hydrogenation,  the  addition  and  removal  of  water  and  the  spUtting  oflf 
of  carbon  dioxide  are  regarded  as  the  fundamental  cataboUc  changes 
undergone  by  substances  containing  carbon,  oxygen  and  hydrogen. 
The  fact  that  many  metaboUtes  react  with  washed  muscle  tissue  in 
the  way  described  is  certainly  an  interesting  phenomenon;  but  whether, 
as  Thimberg  appears  to  suggest,  all  substances  so  reacting  are  thereby 
of  necessity  to  be  regarded  as  intermediary  metaboUtes  with  specific 
"hydrogentransportases"  to  act  upon  them,  appears  much  more  doubt- 
ful. Indeed  an  inspection  of  Thunberg's  results  with  analogously 
constituted  substances  only  serves  to  increase  the  reviewer^s  hesitation 
in  accepting  the  method  as  a  means  of  deciding  whether  a  substance  is 
an  intermediary  metaboUte  or  not.  But  whatever  the  outcome  may 
be  it  is  clear  that  Thunberg  has  hit  upon  an  interesting  mode  of  experi- 
mentation which  should  lead  to  further  results  of  value. 

Catalase.  A  word  must  be  said  with  regard  to  catalase.  The  dis- 
tribution and  mode  of  action  of  this  ferment  are  such  that  so  far  as  the 
writer  can  see  there  is  not  a  trace  of  evidence  available  suggesting  that 
catalase  is  directly  concerned  with  oxidation.  It  will  be  recalled  that 
catalase  only  hberates  inactive  molecular  oxygen  when  decomposing 
hydrogen  peroxide  and  so  far  it  has  not  been  shown  to  accelerate  or 
participate  in  the  oxidation  of  any  known  metabohte.  Within  recent 
years  it  has  been  shown  repeatedly  that  great  increase  in  oxidation 
such  for  example  as  that  which  follows  the  fertiUzation  of  the  sea  urchin's 
eggs,  is  not  accompanied  by  any  comparable  increase  in  catalase  action 
(Amberg  and  Wintemitz).  Similar  results  have  been  obtained  by 
Stehle  and  McCarty  (48)  and  by  Seymour  (47)  and  others.  Yet  in 
spite  of  the  failure  to  demonstrate  the  causal  relation  of  catalase  to 
any  known  oxidation  a  number  of  papers  have  been  pubUshed  within 
the  last  few  years  in  which  the  impUcation  is  made  that  quantitative 
relations  exist  between  the  amount  of  catalse  and  the  capacity  of  tissues 
to  effect  oxidations.  Little  regard  is  paid  to  factors  such  as  variations 
in  hydrogen  ion  concentration  or  changes  in  the  porportion  of  erythro- 
cytes in  the  tissues  examined  by  catalase,  in  spite  of  the  fact  that  it 
appears  that  quantitative  estimations  of  catalase  are  by  no  means 
easily  carried  out.  Yet  we  are  asked  to  beUeve  that  "catalase  is  the 
enzyme  in  the  body  principally  responsible  for  oxidation"  and  that  the 
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fundamental  problems  of  tissue  oxidation  can  be  solved  by  noting 
variations  in  its  concentration.  In  the  judgment  of  the  reviewer  it 
appears  reasonable  to  reject  the  inferences  drawn  from  these  studies 
imtil  unequivocal  evidence  is  produceS  that  catalase  actually  partici- 
pates in  the  oxidation  of  known  metaboUc  products  and  until  the  quanti- 
tative estimations  of  the  catalase  are  made  imder  more  exactly  controlled 
conditions. 

It  will  be  recalled  in  connection  with  Wieland's  theory  of  oxidation 
by  dehydrogenation,  that  activated  hydrogen  is  removed  by  catalytic 
action  from  the  substance  underoing  oxidation.  It  should  be  noted 
that  when  oxygen  acts  as  an  acceptor  for  hydrogen,  hydrogen  peroxide 
and  not  water  is  the  initial  product  even  though  the  peroxide  is  at 
once  further  decomposed  as  in  the  explosion  of  hydrogen  and  oxygen 


H,  +  0,  =  H,0, 
2H20,  =  2H,0  +  02 

It  is  therefore  reasonable  to  suppose  that  hydrogen  peroxide  may  be 
transitorily  formed  in  tissue  oxidations  when  molecular  oxygen  acts 
as  acceptor  for  activated  hydrogen.  The  old  idea  that  catalase  may 
serve  to  prevent  excessive  accumulation  in  the  tissues  of  injurious 
peroxide  by  converting  it  into  water  and  inactive  molecular  oxygen 
seems  to  have  a  good  deal  to  recommend  it. 

In  the  remaining  available  space  an  attempt  will  be  made  to  refer  to 
some  of  the  more  important  results  gained  from  the  study  of  the  oxi- 
dative breakdown  of  individual  metaboUtes.  It  will  be  impossible 
to  do  more  than  refer  to  some  of  the  more  nqtable  contributions. 

Faity  acids.  In  spite  of  a  good  many  vigorous  onslaughts,  the  theory 
of  ^-oxidation  applied  to  fatty  acids  as  put  forward  originally  by 
Knoop  has  held  its  own.  It  will  be  recalled  that  one  of  the  main  sup- 
ports of  Knoop^s  views  was  furnished  by  Embden's  observation  that 
the  normal  fatty  acids  containing  an  even  number  of  carbon  atoms 
varying  from  foiu*  to  twelve  all  gave  rise  to  acetoacetic  acid  when  their 
salts  were  perfused  through  a  surviving  Uver.  The  normal  fattar  acids 
containing  an  uneven  number  of  carbon  atoms  failed  to  cai»B  any 
increase  in  acetoacetic  acid  production.  An  interesting  clue  to  the 
probable  fate  of  some  of  these  normal  fatty  acids  has  been  furnished 
by  Ringer  (44),  who  finds  that  propionic  acid  is  practically  quantita- 
tively converted  into  glucose  in  thephlorhidzinized  dog  and  that  normal 
valeric  and  heptyUc  acids  give  an  amoimt  of  glucose  under  isimilar 
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conditions  comparable  to  the  amount  of  propionic  acid  they  might 
yield  through  /S-oxidation:  CHs.CHj.CHj.CHjCHaCHj.COOH-^CH, 
CH2CH2CH2.COOH->CHs.CH2.COOH 

Blum  and  Woiinger  (11)  have  recently  shown  that  when  propionic 
Acid  is  given  to  normal  dogs  and  rabbits,  lactic  and  pyruvic  acids  are 
excreted,  and  these  undoubtedly  represent  intermediary  products  of 
the  oxidation  of  propionic  acid,  although  it  is  not  clear  as  to  which  of 
these  two  acids  is  first  formed  or  whether  perchance  they  are  formed 
from  acrylic  acid,  which  ^chwenken  (46)  has  shown  to  be  almost  quanti- 
tatively converted  into  glucose  in  the  phlorhidzinized  dog.  T^e  con- 
version of  propionic  acid  into  lactic  acid  explains  the  conversion  of  the 
former  acid  into  glucose  in  the  phlorhidzinized  animal  for,  as  is  well 
known,  the  conversion  of  lactic  acid  into  glucose  imder  these  conditions 
is  virtually  quantitative.  The  formation  of  lactic  and  pyruvic  acids 
from  propionic  acid  must  ber  regarded  as  a  case  of  a-oxidation  though 
possibly  indirect  but  since  normal  /S-oxidation  with  formation  of  a 
ketonic  acid  is  no  longer  possible  with  a  three-carbon  acid  it  need  not 
be  regarded  as  violating  the  j8-oxidation  rule  appUcable  to  acids  con- 
taining four  or  more  carbon  atoms.  It  appears  therefore  that  in  the 
metabolism  of  normal  fatty  acids  containing  four  or  more  carbon  atoms 
ecetoacetic  acid  is  a  common  metabolite  of  all  those  with  an  even  num- 
ber of  carbon  atoms  while  lactic  acid  is  common  to  those  with  an  uneven 
number. 

Curiously  enough,  in  Embden's  original  experiments  on  acetoacetic 
acid  formation  from  fatty  acids  in  the  perfused  Uver  he  failed  to  carry 
out  experiments  with  acetic  and  propionic  acids.  It  has  now  been 
found  by  A.  Loeb  (39)  and  later  by  Friedmann  (28)  that  acetic  acid 
or  rather  acetates  may  give  rise  to  a  marked  increase  in  acetoacetic 
acid  production  by  the  perfused  Uver.  Positive  results  are  only  obtained 
when  the  Uvers  are  relatively  poor  in  glycogen.  Much  glycogen  in 
the  liver  or  simultaneous  presence  of  salts  of  propionic  or  valeric  acid 
inhibit  the  reaction  entirely,  according  to  Embden  and  Loeb  (21). 
Whether  the  acetoacetic  acid  originates  directly  by  the  condensation 
of  two  acetic  acid  molecules  as  is  generally  supposed,  cannot  be  regarded 
as  settled  and  further  investigation  is  needed.  But  the  fact  that  in 
some  way  or  other  acetates  can  give  rise  to  acetoacetic  acid  in  the  liver 
has  led  Friedmann  to  a  characteristically  vigorous  attack  on  the  /S- 
oxidation  theory.  According  to  this  view,  successive  j8-oxidation  of 
higher  fatty  acids  with  removal  of  two  carbon  atoms  at  a  time  must 
yield  acetic  acid  at  each  step,  hence  if  j8-oxidation  really  occurred  all 
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fatty^  acids  should  be  potential  sources  of  acetoacetic  acid.  This 
assumption  seems  entirely  gratuitous  for  the  most  careful  analyses 
have  failed  to  show,  for  example,  that  acetoacetic  acid  can  undergo 
acid  hydrolysis  in  the  liver  with  formation  of  acetic  acid. 

CHs.CO.CH2 = .COOH+H2O  =  2CH,.C00H 

Oxidation  products  possibly  of  the  type  of  glyoxyUc  and  formic  acids 
are  much  more  probable  though  still  hypothetical  products.  On  the 
whole  the  /3-oxidation  theory  still  appears  to  account  most  satisfactorily 
for  the  known  facts. 

A  number  of  recent  investigations  carried  out  in  German  laboratories 
primarily  for  purely  utilitarian  ends  on  the  production  of  fatty  acids 
by  the  oxidation  of  the  higher  paraflSn  hydrocarbons  have  given  results 
which  should  do  much  to  remove  the  instinctive  objections  of  many 
organic  chemists  to  the  idea  of  j8-oxidation.  It  has  been  found  by 
Kelber  (37),  Grtin  (29),  Fischer  and  Schneider  (25)  and  others  that 
paraffin  waxes,  usually  regarded  as  so  resistant  to  oxidation,  are  readily 
oxidized  by  atmospheric  oxygen  at  the  relatively  low  temperature  of 
130-170°  even  in  the  absence  of  catalysts.  The  oxidation  is  undoubtedly 
conditioned  by  the  formation  of  substances  of  a  peroxide  nature  and 
can  be  so  vigorous  that  complete  oxidation  occurs  with  explosion. 
When  the  reaction  is  carefully  regulated  it  is  found  that  the  higher 
fatty  acids  first  formed  are  oxidized  in  such  a  way  that  two  carbon 
atoms  at  a  time  are  successively  burned  away  with  production  of  a 
whole  series  of  fatty  acids  such  as 

C19H38O2,  C17H34O2,  C16H30O2,  C13H26O2,  etc., 

together  with  lower  fatty  acids,  hydroxy  acids  and  acetone  and  other 
ketones.  The  analogy  between  this  series  of  reactions  and  biochemical 
jS-oxidation  is  so  striking  as  to  require  no  emphasis. 

In  connection  with  the  study  of  fatty  acid  oxidation  reference  may 
be  made  to  a  good  series  of  analyses  by  Kennaway  (36)  who  shows  that 
in  cases  of  human  ketosis,  when  the  total  daily  excretion  of  acetoacetic 
and  /S-hydroxybutjo-ic  acids  exceeds  2.5  grams,  the  ratio  of  the  two 
acids  is  in  the  proportion  of  2  to  5  molecules  of  the  hydroxy  acid  to 
one  of  acetoacetic  acid.  That  the  relation  of  the  two  acids  is  capable 
of  considerable  variation  as  a  result  of  changed  conditions  follows  from 
experiments  on  rabbits  by  Blum  and  Nakano  (10).  They  find  that 
sodium  hydroxybutyrate  when  injected  gives  rise  to  but  little  aceto- 
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actetic  acid  but  if  the  liver  functions  be  disturbed  by  chloroform 
anesthesia  a  great  deal  more  is  produced.  Curiously  enough  they  find 
the  same  effect  if  large  quantities  of  glucose  are  administered  with  the 
hydroxybutjnrate  to  normal  animals,  while  addition  of  sodium  chloride 
is  without  effect.  In  view  of  the  well-established  anti-ketogenic  action 
of  carbohydrates  these  results  seem  decidedly  remarkable. 

The  discovery  by  Einbeck  (15),  (16)  of  the  presence  of  both  fiunaric 
and  succinic  acids  in  fresh  muscle  is  of  interest  in  connection  with  the 
so-called  "succinicoxydon''  of  Battelli  and  Stern.  Einbeck  has  now 
made  it  clear  that  the  oxidation  of  succinic  acid  by  Battelli  and  Stern^s 
ferment  is  really  a  case  of  dehydrogenation  in  the  sense  of  Wieland's 
theory  and  that  mahc  acid  is  secondarily  formed  from  fumaric  acid. 
It  appears  that  a  definite  equihbrium  which  can  be  approached  from 
either  side  exists  between  the  fumaric  and  inactive  malic  acids.  Ordi- 
narily the  mahc  acid  represents  about  70  per  cent  of  the  mixture. 

COOH  .  CH2  .  CH2  .  COOH  ^  COOH  .  CH  =  CH  .  COOH  ^ 
COOH  .  CHOH  .  CH2  .  COOH 

An  interesting  extension  of  Knoop's  theory  of  j8-oxidation  has  been 
made  by  Raper  (45)  so  as  to  cover  the  oxidation  of  a  number  of  fatty 
acids  with  branched  chains,  many  of  which  have  given  results  difficult 
of  interpretation.  The  rule  of  /3-oxidation  is  appUed  to  a-methylated 
acids  with  the  provision  that  the  carbon  atom  of  the  methyl  group  which 
is  in  the  /3-position  undergoes  oxidation  first.  The  derivative  of  malonic 
semi-aldehyde  thus  produced  is  beUeved  to  lose  carbon  dioxide,  giving 
the  normal  aldehyde  of  the  dfemethylated  fatty  acid,  which  in  turn 
yields  the  normal  fatty  acid.  The  theory  is  supported  by  a  number  of 
interesting  comparative  observations  on  oxidations  both  in  vivo  and  with 
hydrogen  peroxide.  The  changes  may  be  represented  as  follows,  R 
representing  an  alkyl  group: 

CHj  CHO 

I  I 

RCHCOOH-^RCHCOOH-^RCHsCHO-^RCOOH 

a-AminOy  hydroxy  and  ketonic  adds.  Recent  work  has  served  to 
strengthen  the  belief  first  put  forward  by  Neubauer  in  1909  that  the 
a-ketonic  acids  represent  an  early  stage  in  the  oxidation  of  the  amino- 
acids,  while  the  reverse  synthesis  of  amino  from  ketonic  acids  demon- 
strated by  Knoop  and  by  Embden  has  been  amply  confirmed  in  a  variety 
of  cases  but  with  the  notable  exception  that  no  glycine  has  been  obtained 
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from  glyoxylic  acid  by  biochemical  means.  It  is  rather  smprising 
that  so  far  the  direct  oxidation  of  a-amino  to  ketonic  acids  has  not  been 
accomplished  in  vitro  in  spite  of  a  good  deal  of  experimental  work,  and 
this  is  a  gap  that  ought  to  be  filled.  Neither  are  we  informed  as  to  the 
mechanism  by  which  the  change  is  effected  in  the  body.  It  is  reason- 
ably certain  that  the  simple  equation: 

2R  .  CH  .  NH,  .  COOH  +  Oj  =  2R  .  CO  .  COOH  +  2NH, 

does  not  represent  the  whole  course  of  events  but  whether  unstable 
imino-acid  hydrates  are  intermediate  products  as  has  been  supposed 
still  remains  unsettled.  It  is  rather  disappointing  that  Wieland's 
dehydrogenation  theory  of  oxidation  has  not  so  far  thrown  much  Ught 
on  the  oxidation  of  amino-acids,  although  its  applicability  to  the 
interconversion  of  hydroxy  and  ketonic  acids  is  clear  enough. 

The  early  distribution  of  amino-acids  absorbed  from  the  intestine 
in  the  intact  animal  and  their  subsequent  disappearance  have  been  fol- 
lowed in  the  most  satisfactory  way  by  Van  Slyke  and  Meyer  (50). 
While  it  is  clear  that  the  liver  has  be  no  means  the  monopoly  in  urea 
production  from  amino-acids  that  was  once  believed,  the  poative 
results  obtained  by  Jansen  (35)  and  others  are  probably  to  be  given 
greater  weight  than  the  more  or  less  negative  results  of  Fiske  with 
Sumner  (27)  and  Karsner  (26). 

Considerable  further  use  has  been  made  in  recent  years  of  two  of  the 
most  valuable  methods  of  studying  the  oxidative  degration  of  amino 
hydroxy  and  ketonic  acids — ^namely,  their  capacity  to  augment  aceto- 
acetic  acid  production  when  perfused  through  an  excised  Uver  and  their 
ability  to  furnish  "extra  glucose"  when  given  to  animals  rendered 
diabetic  with  phlorhidzin.  It  has  been  found  that  a  majority  of  the 
biochemically  important  amino  acids  furnish  positive  results  with  one 
or  other  of  these  methods.  Evidence  is  accumulating  that  "extra 
glucose"  in  the  phlorhidzinized  animals  usually  originates  from  lactic 
acid  so  that  either  acetoacetic  or  lactic  acid  is  probably  a  common 
metaboHc  path  for  most  amino-acids.  No  single  amino-acid  has  been 
satisfactorily  shown  to  give  positive  results  with  both  of  these  methods, 
although  pyruvic  acid  among  the  ketonic  acids  appears  to  be  an  excep- 
tion. Certain  amino-acids  such  as  tryptophane  and  lysine  give  nega- 
tive results  so  that  neither  acetoacetic  nor  lactic  acids  appear  to  be 
intermediate  oxidation  products,  and  it  is  interesting  to  note  that  these 
are  among  the  most  essential  amino-acids  from  the  dietetic  point  of 
view.  Probably  those  amino-acids  which  furnish  acetoacetic  or  lactic 
acids  are  capable  of  ready  synthesis  in  the  animal  body. 
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The  simplest  amino-acid,  glycine,  presents  a  number  of  difficulties 
both  as  regards  its  production  and  decomposition.  There  is  no  question 
as  to  the  fact  shown  by  Lusk  that  when  given  to  a  fully  diabetic  animal 
an  amount  of  extra  glucose  is  excreted  closely  corresponding  to  that 
theoretically  possible  if  both  carbon  atoms  were  converted  into  glucose. 
From  the  purely  chemical  point  of  view  it  appears  impossible  to  picture 
such  a  transformation,  especially  as  neither  glycoUic,  glyoxyhc  nor 
acetic  acids  show  a  similar  behavior.  At  the  present  time  the  writer 
is  inclined  to  beUeve  that  a  direct  conversion  of  the  carbon  of  glycine 
in  glucose  does  not  take  place  but  rather  that  it  causes  a  disturbance 
in  the  normal  equihbrium  existing  between  the  amino-acids  or  peptides 
in  the  body  tissues  with  the  result  that  other  amino-acids,  capable  of 
furnishing  glucose  (e.g.,  alanine)  are  set  free.  The  striking  effect  of 
glycine  in  stimulating  heat  production  in  the  resting  animal  as  recorded 
by  Lusk  and  Riche  (40)  may  be  related  to  some  such  reaction.  It  is 
true  that  a  similar  reaction  with  amino-acids  has  not  yet  been  observed, 
but  on  the  other  hand  the  well-known  ability  of  an  alcohol  to  replace 
another  alcohol  already  united  with  an  acid  in  the  form  of  an  ester, 
under  the  influence  of  catalysts,  furnishes  some  kind  of  analogy. 

The  failure  of  many  workers  to  account  for  the  established  capacity 
of  the  body  to  furnish  large  amounts  of  newly  formed  glycine,  on  the 
•basis  of  its  synthesis  from  glyoxylic  or  glycoUic  acids,  has  led  to  a  new 
theory  as  to  its  possible  origin.  Based  on  a  fact  already  observed 
by  the  writer  that  phenylserine  in  the  body  gives  hippuric  acid  and 
does  not  undergo  complete  oxidation  like  the  related  phenalanine, 
Knoop  (38)  suggests  that  glycine  originates  by  the  oxidation  of  a-amino 
/S-hydroxy  acids: 

R.CHOH  .  CH  .  NH2  .  COOH-^CHs  .  NH,  +  COOH  +  R  .  COOH 

But  the  actual  demonstration  of  glycine  formation  by  this  reaction 
is  still  lacldng  and  the  idea  must  be  regarded  rather  as  an  attractive 
supposition  than  a  demonstrated  fact.  It  is  clear  however  that  /3-hy- 
droxy  a-amino  acids,  e.g.,  serine  and  /3-hydroxyglutamic  acids,  are. 
available  for  such  purposes  in  the  body. 

A  great  many  experiments  have  been  made  in  recent  years  to  try  to 
identify  creatine  and  creatinine  as  products  of  the  oxidative  catabolism 
of  amino-acids  and  other  compounds.  The  results  on  the  whole  are 
not  very  convincing,  but  the  best  experiments  will  be  found  in  papers 
by  Baumann  and  Hines  (5)  and  by  Riesser.  The  former  author  ex- 
amined the  behavior  of  sarcosine,  betaine,  choline,  methylguanidine 


Digitized  by 


Google 


412  H.   D.   DAKIN 

and  cyanamide  on  perfusion  through  the  liver  and  while  in  some  cases 
an  increase  in  creatine  was  noted,  they  are  not  convinced  as  to  the 
quantitative  value  of  the  results. 

Ackroyd  and  Hopkins  (2)  have  made  some  extremely  interesting 
feeding  experiments  in  which  the  diet  was  deficient  in  either  arginine  or 
histidine  or  both.  It  was  found  that  in  a  diet  otherwise  suitable,  the 
complete  absence  of  both  bases  was  detrimental  to  growth  and  mainten- 
ance and  that  the  allantoin  excretion  of  the  rats  fell  to  an  extremely 
small  value.  Allantoin,  as  Ackroyd  has  already  shown,  represents 
the  main  end-product  of  purine  catabolism  in  the  rat.  Addition  of 
either  histidine  or  arginine  to  the  diet  caused  marked  improvement 
in  the  value  of  the  diet  and  at  once  caused  an  increase  in  allantoin 
output.  It  is  therefore  to  be  assumed  that  the  two  bases  have  conmion 
metabolic  paths  and  indeed  they  may  be  interconvertible  and  fmlher- 
more  that  they  are  concerned  with  purine  synthesis.  An  inspection 
of  the  appended  formulae  will  show  how  readily  comprehensible  is  the 
intercon version  of  histidine  and  arginine: 

CH  -  N  CH,-  NH 

C  -  NH  CH,  HN 

I  I 

CH,  CH, 

I  I 

CHNH,  CHNH, 

I  I 

COOH  COOH 

Histidine  Arginine 

Embden  and  Blades  (20)  have  made  a  surprising  observation  in 
regard  to  the  oxidation  of  phenylalanine.  It  had  been  supppsed  that 
phenylalanine,  like  other  amino-acids,  would  be  first  oxidized  to  phenyl- 
pyruvic  acid.  But  it  was  found  that  while  phenylalanine  gives  large 
amounts  of  acetoacetic  acid  on  perfusion  through  the  Uver,  phenyl- 
pyruvic  acid  not  only  gives  none  but  actually  inhibits  normal  aceto- 
acetic acid  formation  from  other  substances.  On  the  other  hand 
tyrosine  and  /S-hydroxyphenylpjTUvic  acids  readily  give  acetoacetic 
acid.  The  inference  is  drawn  that  phenylalanine  in  the  course  of 
normal  oxidation  is  first  converted  into  tyrosine  by  nuclear  hydroxy- 
lation  and  is  then  subsequently  oxidized  to  the  ketonic  acid: 
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CH, 

I 
CHNH, 

I 
COOH 


CH, 

I 
CHNH, 

I 
COOH 


CH, 


CO 


COOH 


In  support  of  this  view  Embden  and  Blades  succeeded  in  isolating 
a  small  amount  of  a  tjnrosine  derivative  from  the  blood  used  for  liver 
perfusion  to  which  phenylalanine  had  been  previously  added.  These  re- 
sults appear  to  the  writer  as  convincing  so  far  as  the  perfused  liver  is 
concerned,  but  it  would  appear  a  Uttle  too  sweeping  to  assume  that  all 
phenylalanine  that  undergoes  oxidation  in  the  body  is  first  of  all  con- 
verted into  tjTTOsine.  Moreover  phenylpyruvic  acid  is  now  known  to 
occur  in  at  least  two  tautomeric  forms  and  only  one  of  these  has  been 
tested  as  to  its  ability  to  furnish  acetoacetic  acid.  The  long  debated 
question  as  to  whether  in  normal  metabolism  tjrosine  and  phenylalanine 
are  converted  into  homogentisic  acid  as  is  the  case  in  alcaptonuria 
still  remains  incompletely  settled.  While  it  is  certain  that  many  deriva- 
tives of  phenylalanine  which  cannot  form  homogentisic  acid  are  com- 
pletely utiUzed  in  the  body,  this  type  of  experiment  only  furnishes 
indirect  evidence.  Abderhalden  has  fed  large  quantities  of  tyrosine 
to  normal  men  in  some  cases  giving  50  grams  of  which  44  grains  were 
absorbed.  In  one  of  these  cases  a  minute  amount  of  homogentisic 
acid  was  excreted  in  the  urine.  Abderhalden  wisely  refrains  from 
drawing  any  definite  conclusion  from  this  experiment.  On  the  whole 
the  writer  is  still  of  the  opinion  that  the  balance  of  evidence  is  against 
the  idea  that  all  or  most  tyrosine  and  phenylalanine  pass  through  the 
stage  of  homogentisic  acid  in  the  course  of  their  oxidation  in  the  animal 
body. 

Further  progress  has  been  made  in  regard  to  the  mode  of  oxidation 
of  tryptophane  in  the  animal  body,  a  puzzling  problem  which  is  prob- 
ably of  much  more  than  theoretical  importance.  Experiments  on  the 
fate  of  methyltryptophane  in  the  body  made  by  Barger  and  Ewins 
(4)  and  by  ElUnger  and  Matsuoka  (17)  gave  but  little  information 
since  no  kynurenic  acid  was  formed  and  part  of  the  substance  was  ex- 
creted unchanged.  ElUnger  and  Matsuoka  (18)  have  now  succeeded 
in  synthetizing  indolepyruvic  acid  and  show  that  this  substance  is 
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a  true,  precursor  of  kyniu'enic  acid.  When  fed  to  rabbits  from  1.2  to 
11.7  per  cent  of  the  indolepyruvic  acid  is  recoverable  as  kynurenic 
acid  while  tryptophane  under  similar  conditions  gives  7  to  28  per  cent. 
It  seems  highly  probable  that  indolepjrruvic  acid  is  the  first  product 
of  the  oxidation  of  tryptophane  and  its  further  conversion  into  kyn- 
urenic acid  may  take  place  according  to  the  following  scheme  of 
Ellinger  and  Matsuoka. 


/\ 


NH 
(Tryptophane) 


-C  -  CH,-  CHNH,  COOH 


CH 


CO  COOH 


CO  CH,- CO  COOH 


\/\ 


NHCOOH  « 


CH, 


NH 
(Indolepyruvic  acid) 

CO 

/Wh, 


\/\  CO  COOH 
NH, 
(Amino-benzoylpyruvic  acid) 

COH 


/\/\ 


,CCOOH 


ICH 


COOH 


N 
(Kynurenic  acid) 

The  identification  of  aminobenzoylpynivic  acid  as  an  intermediate 
product  and  the  demonstration  of  its  cbnversion  into  kynurenic  acid 
in  the  body  still  remains  to  be  accompUshed.  It  is  of  course  possible 
but  hardly  probable  that  the  kynurenic  acid  formed  from  indolepyruvic 
acid  is  derived  from  tryptophane  arising  synthetically  from  the  ketonic 
acid.  The  extreme  importance  of  tryptophane  for  the  maintenance 
and  growth  of  animals  makes  the  study  of  its  oxidative  catabolism  in  the 
body  a  subject  of  great  significance. 

In  the  preceding  pages  reference  has  been  made  to  many  amino- 
acids  and  the  corresponding  ketonic  acids.  The  latter  are  imdoubtedly 
most  important  oxidation  products  of  the  amino-acids.  With  the  single 
and  most  important  exception  of  lactic  acid,  the  hydroxy  acids  corre- 
sponding to  the  amino-acids  appear  to  be  of  much  less  importance  than 
was  formerly  imagined.    The  hydroxy  acids,  other  than  lactic  add. 


Digitized  by 


Google 


PHYSIOLOGICAL  OXIDATIONS  415 

are  usually  less  readily  oxidized  than  the  amino  or  ketonic  acids,  and 
not  infrequently  seem  to  follow  different  metabolic  paths.  The  direct 
conversion  of  amino  into  hydroxy  acids  in  the  course  of  animal  metabol- 
ism is  probably  a  much  more  rare  occurrence  than  was  previously 
supposed.  Whiles  the  importance  of  most  a-hydroxy  acids  has  been 
waning,  the  significance  of  lactic  acid  metaboUsm  seems  to  increase. 
The  mutual  interconversion  of  lactic  acid,  glucose  and  glycogen  seems 
to  play  a  part  in  the  metaboUsm  of  most  tissues.  On  the  other  hand 
the  formation  in  the  body  of  pyruvic  acid  from  lactic  acid  and  the  dem- 
onstration by  Embden  and  Oppenheimer  (19)  that  pyruvic  acid  may 
give  acetoacetic  acid  as  well  as  alanine  in  the  Uver,  places  lactic  acid 
in  quite  an  exceptional  position,  having  direct  metaboUc  relations  with 
characteristic  products  of  fat,  carbohydrate  and  protein  metabolism. 
The  formation  of  acetoacetic  acid  from  pyruvic  acid  is  believed  to  occiu* 
with  intermediate  formation  of  acetaldehyde.  The  following  diagram 
illustrates  the  relationships  of  lactic  acid: 

Lactic  acid 

"X 

d.  1.  Alanine      ^      Pyruvic  acid  glucose  and  glycogen 

i 

Acetoacetic  acid  <—  Acetaldehyde       ^       Ethyl  alcohol 
Acetic  Acid 

Carbohydrates.  A  vast  amount  of  work  has  been  done  in  recent 
years  in  an  endeavor  to  unravel  the  details  of  carbohydrate  metabolism, 
but  modem  work  has  shown  that  quantitatively  the  direct  oxidation 
of  carbohydrates  such  as  glucose  is  of  very  minor  importance.  The 
main  path  of  normal  glucose  metabolism  undoubtedly  Ues  by  way  of 
lactic  acid  and  the  conversion  of  carbohydrates  into  lactic  acid  does 
not  involve  oxidation  but  intramolecular  rearrangements.  The  de- 
tails of  this  change  have  been  the  subject  of  much  investigation  and  it 
"would  appear  that  either  glyceric  aldehyde  or  methylglyoxal  or  more 
probably  optically  active  hydrates  of  the  latter  substance  are  inter- 
mediate stages.  But  a  discussion  of  this  subject  is  outside  of  the 
range  of  the  present  article.  Apart  from  the  formation  of  glucuronic 
acid  from  glucose  by  oxidation  and  conceivably  the  formation  of 
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pentoses  from  hexoses,  no  intermediate  oxidation  products  of  the  car- 
bohydrates are  known  to  occur  in  animal  metabolism.  Biberfeld 
(9)  has  shown  that  glucuronic  acid,  when  given  parenterally,  subcutane- 
ously  to  animals  is  excreted  practically  quantitatively  so  that  there  is 
no  question  that  the  substance  does  not  represent  a  firat  oxidation  stage 
in  the  cataboUsm  of  more  than  a  trifling  fraction  of  the  glucose  in  the 
body.  Possibly  for  the  sake  of  completeness  reference  should  be  made 
to  work  by  Pamas  and  Baer  in  which  as  the  result  of  experiments  on 
glucose  production  in  phlorhidzinized  rabbits  and  glycogen  synthesis 
in  the  tmlle  Uver  from  simple  organic  compounds,  they  devise  a  scheme 
for  representing  glucose  catabolism  leading  successively  to  lactic  acid, 
jS-aldehydo-a-hydroxypropionic  acid  and  glycoUic  aldehyde.  The  main 
recommendation  of  this  somewhat  bizarre  representation  seems  to  be 
that  all  the  reactions  are  exothermic  but  this  seems  by  no  means  as  im- 
portant as  was  formerly  beUeved.  It  does  not  appear  that  this  repre- 
sentation of  sugar  catabohsm  need  be  given  very  serious  consideration 
until  much  more  positive  evidence  is  produced  in  its  favor. 

On  the  other  hand  Embden,  Griesbach  and  Laquer  (22)  have  shown 
most  definitely  that  phosphorus  compounds  play  a  most  important 
r61e  in  the  primary  degradation  of  glucose.  It  is  foimd  that  most  animal 
tissues  can  form  lactic  and  phosphoric  acids  when  digested  with  hexose- 
phosphoric  acid,  while  under  similar  conditions  but  little  lactic  acid 
is  formed  direct  from  glucose.  The  actual  preciu^or  of  lactic  acid  in 
muscle  appears  to  be  a  hexosephosphoric  acid  in  combination  with  some 
other  molecular  complex,  the  whole  receiving  the  name  of  "lactacido- 
gen. "  A  close  similarity  thus  exists  between  the  early  stages  of  alco- 
hoUc  fermentation  and  the  first  steps  in  glucose  catabolism  in  the  animal 
body.  Apparently  the  co-ferment  of  zymase  described  by  Harden  and 
Young  has  a  close  relation  to  the  lactacidogen  of  Embden.  Meyerhof 
has  recently  compared  the  action  of  zymase  co-ferment  with  products 
obtained  from  the  tissues  of  the  frog  and  rabbit  and  apparently  their 
effects  are  identical.  Furthermore,  he  identifies  the  respiratory  cat- 
alyst which  accelerates  the  oxidation  processes  of  muscle  with  the 
co-ferment  of  yeast.  It  appears  as  if  the  union  of  glucose  with  a 
complex  phosphorus  compound  was  a  necessary  preliminary  to 
the  biochemical  resolution  of  the  hexose  into  compoimds  containing 
three  carbon  atoms.  In  this  connection  it  is  of  interest  to  note  that 
Beysel  and  Walther  Lob  (8)  and  later  Weitzman  have  shown  that 
phosphates  specifically  catalyze  the  oxidation  of  glucose  with  hydrogen 
peroxide.  Glycine  and  borates  have  no  similar  action  and  this  effect 
is  not  secondary  to  changes  in  the  hydrogen  ion  concentration. 
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Finally  a  brief  reference  may  be  made  to  a  paper  by  Hewitt  and 
Pryde  (32)  which,  although  it  does  not  deal  with  the  direct  oxidative 
decomposition  of  glucose,  contains  results  which  may  well  prove  to  be 
of  the  greatest  importance  for  carbohydrate  metabohsm  preceding 
oxidation  In  the  first  place  it  may  be  recalled  that  the  conventional 
formula  for  glucose  containing  an  aldehyde  group  (I)  which  has  so 
long  served  a  useful  purpose  can  no  longer  be  retained  and  that  no 
soUd  glucose  is  known  corresponding  to  the  structure  it  represents, 
even  though  traces  of  it  may  be  present  in  solution.  Ordinary  glucose 
represents  a  mixture  of  two  interconvertible  forms  either  of  which  may 
be  obtained  pure  and  free  from  the  other  and  both  of  which  contain 
the  butylene  oxide  ring.    They  are  represented  by  formulae  II  and  III. 


C  HO        H— C^OH 

I 
H— O— OH      H— C— OH 


HO— G— H      HO— C— H 


H— O— OH      H— C 
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H— O— OH      H— O— OH 


CH,OH 
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CH,OH 
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H— €— OH 


CHjOH 
III 
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o  I  I 
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I  I 
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I  I 

CH,OH  CHiOH 

IV  V 


But  recent  research  by  Fischer  and  especially  by  Irvine  Fyffe  and 
Hogg  (34)  have  shown  that  derivatives  corresponding  to  glucoses 
shown  in  formulae  IV  and  V  could  be  obtained,  and  there  is  now  no 
question  that  glucose  itself  can  exist  in  two  ethylene-oxide  modifica- 
tions. They  are  commonly  referred  to  together  as  7-glucose.  The 
most  interesting  fact  concerning  these  new  forms  of  glucose  is  the  ex- 
traordinary speed  and  range  of  reactions  which  they  take  part  in  and 
also  the  fact  that  they  are  oxidized  by  permanganate  much  more  readily 
than  the  ordinary  forms  of  glucose.  Hewitt  and  Pryde  have  now  pre- 
sented evidence  showing  that  when  ordinary  glucose  is  brought  in 
contact  with  the  mucosa  of  the  Uving  intestine  stereochemical  changes 
take  place  with  a  rapid  production  of  a  certain  proportion  of  the  highly 
reactive  ethylene  oJSdde  or  7-forms  of  glucose.  These  changes  were 
not  produced  if  the  normal  activity  of  the  gut  was  impaired  either  by 
killing  the  animal  or  otherwise '  interrupting  the  blood  supply.  It 
appears  to  the  reviewer  that  studies  of  the  kind  commenced  by  Hewitt 
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and  Pryde  are  likely  to  furnish  most  valuable  detailed  knowledge  of 
the  molecular  transpositions  occurring  in  the  glucose  molecule  prior 
to  its  conversion  into  lactic  acid. 

Purine  compounds.  Recent  research  has  not  added  a  great  deal  to 
the  fairiy  complete  picture  of  purine  oxidation  which  was  available  ten 
years  ago,  but  a  few  points  of  interest  may  be  mentioned.  Now  that 
the  rat  is  used  so  extensively  for  experimental  purposes,  it  is  noteworthy 
that  Ackroyd  (1914)  has  found  that  this  animal  shows  a  vigorous  purine 
metaboUsm  with  allantoin  as  almost  the  exclusive  end-product  of  oxida- 
tion. On  giving  hypoxanthine  to  rats,  60  per  cent  of  the  nitrogen  was 
recovered  as  allantoin  while  only  3  per  cent  represented  the  combined 
purine  and  uric  acid  nitrogen.  The  fact  that  in  the  rat  almost  all  the 
purines  are  converted  into  allantoin  enabled  Ackroyd  and  Hopkins 
(2)  to  make  most  important  observations  on  the  relation  of  histidine 
and  arginine  to  the  purine  synthesis  and  their  conversion  into  allantoin. 
The  results  have  already  been  referred  to  in  the  section  dealing  with 
amino-acids. 

Benedict  (7)  has  shown  that  the  Dalmatian*  coach  hoimd,  unlike 
other  dogs,  excretes  relatively  large  amounts  of  uric  acid  and  this  ciuious 
phenomenon  has  been  confirmed  by  Wells  (53).  The  latter  finds 
that  this  result  is  not  to  be  explained  on  the  basis  of  the  absence  of 
uricase  in  the  Dalmatian  dog  as  this  enzyme  is  present  in  the  liver 
though  absent  in  the  kidney.  Neither  the  liver  nor  the  spleen  were 
found  capable  of  oxidizing  xanthine  to  uric  acid.  The  purine  oxidizing 
enzymes  of  the  chimpanzee  and  orang-utan  have  been  exaniined  by 
Wells  and  Caldwell  (52)  who  find  that  uricase  is  absent  as  in  man. 
Xanthine-oxidase  was  possibly  present  in  the  chimpanzee  but  absent  in 
the  other  species. 

A  curious  observation  has  been  made  by  E.  MichaeHs  (43)  who 
finds  that  the  puncture  of  the  floor  of  the  fourth  ventricle  made  ac- 
cording to  Claude  Bernard  not  only  gives  rise  to  the  well-known  glycos- 
uria but  to  a  transitory  high  excretion  of  allantoin.  The  suggestion 
is  made  that  there  is  a  definite  purine  as  well  as  glucosuric  center  con- 
troUing  hepatic  function  and  that  destruction  of  it  by  piqAre  is  followed 
by  high  uric  acid  and  allantoin  production  and  excretiotf^ 

The  oxidation  of  uric  acid  to  allantoin  is  well  known  to  take  place 
with  varying  completeness  in  most  animals  and  the  same  reaction 
was  demonstrated  to  occur  readily  putside  the  body  by  Liebig  and 
Wohler  more  than  ninety  years  ago.  But  the  change  is  by  no  means 
a  simple  one  and  a  good  deal  of  speculation  has  taken  place  as  to  the 
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mechanism  of  the  process.  Behrend  has  devoted  a  good  deal  of  at- 
tention to  the  question  and  was  at  first  inchned  to  regard  a  uric  acid 
glycol  obtained  by  Biltz  as  the  missing  intermediate  product.  But 
this  has  now  to  be  abandoned  and  Behrend  and  Zieger  (6)  produce 
a  good  deal  of  evidence  showing  that  the  reaction  in  vitro  probably 
takes  place  as  follows: 

NH— CO  NH,  COOH  NH, 

I         I  I  I  I 

CO— C— NHv        ->  CO     HO— C— NHv         ->   CO      CO— NHv 

I  I  >CX)        I  I  >0  I  I  >0 

NH— C— NH^  NH    —     O— NH^  NH— CH— NH^ 

Whether  the  oxidation  of  uric  acid  to  allantoin  by  the  enzyme  un- 
case follows  the  same  course,  as  seems  probable,  remains  to  be  deter- 
mined. 

BIBLIOGRAPHY 

(1)  Abderhalden,  E.    Zeitschr.  physiol.  chem.,  1912,  Ixxvii,  454. 

(2)  AcKROYD,  H.,  AND  HoPKiNS,  F.  G.    Biochem.  Joum.,  1916,  x,  551;  1914; 

viii,  434. 

(3)  Bach,  A.    Chem.  Ber.,  1913,  xlvi,  3864. 

(4)  Barger,  G.,  and  Ewins,  A.  J.    Biochem.  Joum.,   917.  xi,  58. 

(5)  Baxtmann,  L.,  and  Hines,  H.  M.    Journ.  Biol.  Chem.,  1918,  xxxv,  75. 

(6)  Behrend,  R.,  and  Zieger,  R.    Liebig's  Ann.,  1915,  ccccix,  337. 

(7)  Benedict,  S.  R.    Joum.  Lab.  Clin.  Med.,  191&-17,  ii,  1. 

(8)  Beysel,  W.,  and  Loeb,  W.    Biochem.  Zeitschr.,  1915,  Ixviii,  368. 

(9)  BiBERFELD,  J.  Biochcm.  Zeitschr.,  1914,  Ixv,  479. 

(10)  Blum,  L.,  and  Nakano.    Compt.  rend.  Soc.  de  biol.,  1919,  Ixxxii.  1435. 

(11)  Blum,  L.,  and  Woringer,  P.    Bull.  Soc.  Chem.  Biol.,  1920,  ii,  88. 

(12)  Bone,  W.  A.,  and  Wheeler,  R.  V.    Trans.  Chem.  Soc,  1902,  Ixxxi,  535. 

(13)  Bredig,  G.    Chem.  Ber.,  1914,  xlvii,  546. 

(14)  Dixon,  H.  B.    Trans.  Chem.  Soc,  1886,  xlix,  94. 

(16)  EiNBECK,  H.    Zeitschr.  Physiol.  Chem.,  1913,  Ixxxvii,  145;  1914,  xc,  301. 

(16)  EiNBECH,  H.    Biochem.  Zeitschr.,  1919,  xcv,  296. 

(17)  Ellinger,  a.,  and  Matsuoka,  Z.    Zeitschr.  physiol.  Chem.,  1914,  xci,  45. 

(18)  Ellinger,  A.,  and  Matsuoka,  Z.  Zeitschr.  physiol.  Chem.,  1920,  cix,  259. 

(19)  Embden,  G.,  and  Oppenheimer,  M.    Biochem.  Zeitschr.,  1912,  xlv,  186; 

1913,  Iv,  335. 

(20)  Embden,  G.,  and  Baldes,  K.    Biochem.  Zeitschr.,  1913,  Iv,  301. 

(21)  EtfBDEN,  G.,  AND  LoEB,  A.    Zcitschf.  physiol.  Chem..  1913,  Ixxxviii,  246. 

(22)  Embden,  G.,  Griesbach,  W.,  and  Laquer,  F.    Zeitschr.  physiol.  Chem., 

1914,  xciii;  124. 

(23)  Embden,  G.,  and  Isaac,  S.    Zeitschr.  physiol.  Chem.,  1917,  xcix,  297. 

(24)  Fischer,  E.    Chem.  Ber.,  1914,  xlvii,    980. 

(25)  Fischer,  F.,  and  Schneider,  W.    Chem.  Ber.,  1920,  liii,  922. 


Digitized 


by  Google 


420  H.   D.   DAKIN 

(26)  FisKB,  C.  H.,  AND  KabsKer,  H.  T.    Joum.  Biol.  Chem.,  1914,  xvi,  399. 

(27)  FisKB,  C.  H.,  AND  SuMNEB,  J.  B.    Joum.  Biol.  Chem.,  1914,  xviii,  286. 

(28)  Fribdmann,  E.    Biochem.  Zeitschr.,  1913,  Iv,  436. 

(29)  Grun,  a.    Chem.  Ber.,  1920,  liii,  987. 

(30)  Hbppter,  a.,  and  Hausmann,  M.    Beitr.  chem.  Phys.  u.  Path.,  1904,  v,  213. 

(31)  Hepftbr,  a.    Mediz-Naturwiss.  Arch.,  1907,  i,  81. 

(32)  Hbwitt,  J.  A.,  AND  Prtdb,  J.    Biochem.  Joum.,  1920,  xiv,  396. 

(33)  Hopkins,  F.  G.    Biochem.  Joum.,  1921,  xv  (in  press). 

(34)  Irvine,  J.  C,  Ftps,  A.  W.,  and  Hogg,  T.  P.    Trans.  Chem.  Soc,  1916, 

cvii,  524. 

(35)  Jansen,  B.  C.  p.    Joum.  Biol.  Chem.,  1916,  xxi,  657. 

(36)  Kbnnawat,  E.  L.    Biochem.  Joum.,  1914,  viii,  356. 

(37)  Kblber,  C.    Chem.  Ber.,  1920,  liii,  66. 

(38)  Knoop,  F.    Zeitschr.  physiol.  Chem.,  1914,  Ixxxix,  161. 

(39)  LoEB,  A.    Biochem.  Zeitschr.,  1912,  xlvii,  118. 

(40)  LusK,  G.,  AND  RicHE,  J.  A.    Joum.  Biol.  Chem.,  1913,  xiii,  156. 

(^1)  Mbterhop,  O.    PflQger's  Arch.,  1918,  clxx,  367,  428;  clxxv,  20,  88;  1920, 
clxxxv,  11. 

(42)  Mbterhop,  O.    Zeitschr.  physiol.  Chem.,  1918,  ci,  166;  cii,  1. 

(43)  MiCHAELiB,  E.    Zeitschr.  exper.  Path.  u.  Med.,  1913,  xiv,  265. 

(44)  Ringer,  A.  J.    Joum.  Biol.  Chem.,  1912,  xii,  513;  1913,  xiv,  43. 
(46)  Raper,  H.  S.    Biochem.  Joum.,  1914,  viii,  320. 

(46)  ScHWENKEN,  F.    Beitr.  Physiol.,  1914,  i,  143. 

(47)  Seymour,  R.  J.    Amer.  Joum.  Physiol.,  1920,  li,  526. 

(48)  Steele,  R.  L.,  and  McCarty,  A.  C.    Joum.  Biol.  Chem.,  1920,  xlii,  269. 

(49)  Thunberg,  T.    Skand.  Arch.  f.  Physiol.,  1920,  xl,  1. 

(60)  Van  Slykb,  D.  D.,  and  Meyer,  G.  M.    Joum.  Biol.  Chem.,  1913,  xvi,  197, 

2ir,  231. 

(61)  Wartenbebg,  H.  v.,  and  Sieg,  B.    Chem.  Ber.,  1920,  liii,  2192. 

(62)  Wells,  H.  G.,  and  Caldwell,  G.  T.    Joum.  Biol.  Chem.,  1914.  xviii,  167. 
(53)  Wells,  H.  G.    Joum.  Biol.  Chem.,  1918,  xxxv,  221. 

(64)  WiBLAND,  H.    Chem.  Ber.,  1912,  xiv,  484,  679,  2606;  1913,  xlvi,  3327;  1914, 
xlvii,  2086. 


Digitized  by 


Google 


ON    THE   MECHANISM   OF    ABSORPTION   FROM   THE 

INTESTINE 

SAMUEL  GOLDSCHMIDT 

From  the  Physiological  Laboratory ^  Cometl  University  Medical  College, 
New  York  City 

In  the  historical  (1),  (2)  development  of  the  conceptions  of  the 
mechanism  of  absorption  from  the  intestinal  tract,  as  well  as  absorp- 
tion in  other  parts  of  the  organism,  it  is  of  interest  to  note  that  the 
controversy  has  from  the  start  centered  aroimd  physical  or  physico- 
chemical  theories  as  a  basic  cause.  As  the  principles  of  physical  chem- 
istry were  developed,  the  new  points  of  view  were  brought  to  bear  upon 
this  ever  elusive  physiological  phenomenon.  When  one  considers  the 
subject  intensively  one  gains  more  and  more  the  impression  that  the  final 
analysis  must  lie  in  these  realms;  that  it  awaits  only  the  development 
of  the  fundamental  subject  of  physical  chemistry  and  the  persistent 
appUcation  of  its  principles  to  biological  sciences. 

There  will  ever  be,  from  the  very  complex  nature  of  the  process,  points 
which  will  seem  fundamentally  imexplainable,  or  which  one  may  assign 
to  "vital"  forces  bound  up  with  the  living  cell  protoplasm.  However, 
the  latter  course  hardly  seems  justifiable.  Call  them  what  we  will, 
"vital"  processes  must  never  be  relegated  to  a  Pandora's  box  where 
hope  is  securely  confined.  As  new  physical  or  chemical  principles  are 
evolved,  there  can  be  no  danger,  and  perhaps  profit  will  acme  from 
exaynining,  from  time  to  time,  these  "vital"  activities  in  the  newer 
light. 

In  considering  the  intestinal  wall  as  a  membrane,  subject  to  the  prin- 
ciples and  laws  of  such  structm^s  as  we  know  them  in  physical  chemis- 
try (3),  it  is  important  not  to  overlook  the  fact  that  the  functioning  of 
this  membrane  is  intimately  associated  with  a  complicated  anatomical 
structm^  within  the  intestinal  walls.  The  maintenance  of  the  pro- 
toplasmic membrane  in  its  normal  state  is,  without  doubt,  essential 
to  the  absorptive  processes  as  a  whole.  On  the  other  hand,  the  inner 
structure  is  of  prime  importance  in  a  consideration  of  the  variations  in 
the  behavior  of  thi^  membrane  from  those  of  pm^ly  isolated  physico- 
chemical  systems.    By  this  statement  is  meant  not  a  peculiar  structural 
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arrangement  of  relatively  permeable  and  impermeable  phases  of  the 
cell  itself,  as  suggested  by  Robertson  (4),  but  in  a  broader  sense  every 
integral  portion  of  the  intestinal  tissue. 

Apart  from  the  possibility  of  alterations  on  or  within  the  surface 
layer  or  membrane  of  the  intestine,  therefore,  equally  important  are  the 
arrangement  and  the  distribution  of  the  absorbing  vessels,  and  the  quan- 
titative and  qualitative  character  of  the  fluid  contained  therein.  As 
an  illustration  Heidenhain  (5)  points  out  that  the  absorption  of  fluid 
and  dissolved  substances,  by  the  blood  capillaries,  for  the  most  part, 
may  be  easily  explained  anatomically.  The  capillaries  lie  at  the  periph- 
ery of  the  villi,  dose  beneath  the  epitheUum;  in  fact,  a  slight  short- 
ening of  a  villus  brings  the  vessels  so  close  together  that  they  almost 
touch.  These  facts  are  purely  anatomical,  but  they  may  have  a  decided 
influence  upon  the  path  and  even  the  mechanism  of  uptake  of  the  ab- 
sorbed products  of  digestion.  For,  as  Heidenhain  states,  because  of  the 
higher  osmotic  concentration  of  the  blood,  which  in  spite  of  the  large 
amoimt  of  fluid  which  passes  into  it  is  not  greatly  diluted,  due  to  the 
great  speed  of  the  change  of  that  fluid  in  the  capillaries,  the  fluid  and  in 
great  measure  the  dissolved  substances,  coming  first  in  contact  with 
this  system,  are  carried  away  by  it.  The  lymph  stream,  on  the  other 
hand,  in  addition  to  its  le3s  favorable  position,  is  of  a  lower  concentra- 
tion and  is  as  well  a  much  more  slowly  moving  stream. 

To  carry  the  illustration  still  further,  Reid  (6),  (7),  (8),  (9)  states 
that  although  there  is  no  evidence  of  specific  absorptive  nerve  fibers, 
nevertheless  excitation  of  the  mesenteric  nerve  by  production  of  con- 
comitant vasoconstriction  or,  indeed,  any  decrease  in  the  blood  supplj'^ 
to  the  intestine,  i.e.,  blood-letting,  may  affect  the  absorptive  process. 
It  is  also  found  that  drugs  which  cause  a  general  vasoconstriction,  as 
adrenalin  (10),  or  a  more  or  less  localized  constriction  affecting  the 
intestinal  vessels,  i.e.,  pituitrin  (11),  decrease  absorption.  Hyperemia, 
on  the  other  hand,  may  facilitate  the  process  (12),  (13). 

Of  importance  also  is  the  possible  effect  of  various  mechanical  pres- 
sure forces  which  may  exert  themselves  upon  the  intestinal  structure, 
either  from  a  mechanism  inherent  in  the  tissue  itself  or  from  without. 
Hamburger  (14),  (15),  (16),  in  recent  times,  has  emphasized  the  part 
played  by  intra-intestinal  pressiu^  in  its  absorptive  action.  The 
question,  however,  is  an  old  one.  Lieberkiihn  (1745)  (17)  discussed 
the  action  of  peristalsis  as  an  aid  to  absorption  by  the  viUi. 

In  the  above  connection  it  may  be  well  to  point  out  a  property  pos- 
sessed by  the  villi,  which  may  be  of  possible  assistance  to  intestinal 
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absorption.  Briicke  (18)  observed  that  the  villi  contained^  smooth 
muscle  fibers  in  their  long  axis,  the  function  of  which  is  to  cause  by 
their  contraction  a  shortening  of  the  villi.^  The  anatomical  presence 
of  these  muscle  fibers  and  the  demonstration  of  movements  of  the 
lalli  have  found  ample  confirmation,  although  with  slight  modifica- 
tions as  to  the  character  and  distribution  of  the  musculature  and  the 
form  of  the  villus  movement  (5),  (20),  (21). 

Both  lieberktihn  and  Briicke  believed  that  they  had  observed  open- 
ings into  the  villi.^  Lieberkiihn  formulated  the  hypotljiesis  that  peri- 
staltic movement  presses  fluid  and  solids  into  the  openings  of  the  villi 
whence  they  are  taken  up  by  the  blood  vessels.  According  to  Bnicke's 
conception,  the  viUi  act  Uke  suction  pumps  in  their  movement,  thus 
causing  fluids  and  particles  not  too  large  to  pass  into  the  openings  to 
the  central  Ijmiph  duct.  The  action  is  a  sort  of  filtration  through  a 
filter  whose  pores  are  wide  enough  so  that  undissolved  bodies,  i.e., 
small  fat  globules,  can  pass  through  into  the  lymph  (22).  The  validity 
of  the  presence  of  openings  into  the  villi  has  been  questioned  (1,  p.  432), 
and  it  is  generally  believed  today  that  particles  do  not  normally  pass 
through  the  intestinal  wall.  However,  it  must  be  pointed  out  that 
many  investigators  have  claimed  to  have  demonstrated  that  small 
insoluble  bodies  may  pass  by  the  intestinal  route  (23),  (24),  (25),  (26). 

That  the  movement  of  the  villi  exerts  a  r61e  in  absorption  is  still  held 
by  some  experimenters  (21),  (29),  and  it  would  seem  that  tentatively, 
at  least,  it  must  be  considered  as  a  possible  modifying  influence.  Cohn- 
heim  (27)  holds  that  Brticke's  theory  cannot  stand  as  a  general  state- 
ment of  the  intestinal  mechanism,  for  the  reason  that  in  a  Holothu- 
rian,  which  does  not  possess  villi,  absorption  can  occur  when  the 
intestine  filled  with  sea-water  is  suspended  in  the  same  medium. 
Reid  (8)  has  also  shown  that  absorption  takes  place  when  the  mesen- 
teric lymph  vessels  are  bound  off,  which  is  apparently  contrary  to  the 
belief  of  Briicke  that  the  path  of  uptake  is  into  the  central  lymph  space 
of  the  villus.  Hober  (28),  however,  has  defended  Briicke  against 
lleid's  attack  by  pointing  out  that,  although  the  Holothurian  lacks 
viUi,  it  does  possess  an  intestinal  smooth  muscle  mechanism  which  can 
exert  intra-intestinal  pressure.  In  addition,  the  villi  may  still  be  the 
portal  of  entry,  although  the  lymph  vessels  are  tied  off,  if  one  assumes, 

*  Lacauchie  (1853)  (19)  observed  the  movement  of  the  villi  but  did  not  describe 
the  muscle  fibers. 

'  For  a  full  discussion  the  reader  is  referred  to  Longet  (1). 

PHTBIOLOaiCAL  BXYIBWS.  VOL.  1.  NO.  3 


Digitized  by 


Google 


424  SAMUEL  GOLD8CHMIDT 

as  did  priedenthal  (29),  that  the  substances,  after  entering  the  central 
lymph  space,  may  then  pass  by  diflfusion  into  the  blood  stream. 

If,  therefore,  one  considers  what  has  been  said  above,  it  is  obvious 
that  the  insistence  upon  a  normal  fimctioning  of  the  whole  structure  in 
its  many  parts,  insofar  as  they  can  cause,  modify  or  aid  the  absorptive 
process,  is  no  more  of  an  admission  of  its  "vital"  character  than  that 
any  physical  structure  should  break  down  as  a  whole  due  to  a  failure  of 
one  of  its  parts,  In  other  words,  we  must  consider  these  unique  struc- 
tures as  integral  parts  of  the  mechanism.  The  influence  of  every  possi- 
ble factor  concerned  must  be  examined  in  order  to  evolve  a  satisfactory 
explanation  of  the  intestinal  mechanism  of  absorption.  Hence  it  is 
not  at  all  surprising  that  when  an  investigator  has  focused  his  attention 
upon  one  factor  only,  that  single  point  of  view  has  failed  to  explain  this 
phenomenon.  To  be  sure,  the  determination  of  the  efifect  of  each  part 
may  be  best  made  by  exclusion  of  that  part  or  of  all  other  interfering 
influences,  but  in  the  problem  at  hand  this  method  presents  difficulties. 
These  remarks  are  especially  pertinent  when,  as  in  the  question  imder 
discussion,  we  have  to  make  comparisons  with  a  physico-chemical 
process  in  which  exact  imitation  of  conditions  is  not  possible. 

A  detailed  historical  discussion  of  the  entire  subject  at  hand  cannot 
be  presented  within  the  limits  of  this  review.  Nevertheless,  an  attempt 
will  be  made  at  least  to  refer  to  each  explanation  (founded  on  experimen- 
tal evidence)  and  theory  that  has  been  advanced,  of  which  the  following 
is  a  compilation: 

1.  Absorption  through  orifices  in  the  blood  vessels,  especially  the 
veins,  in  the  intestinal  wall  (Hippocrates  and  Galen  (30)). 

2.  Imbibition,  of  the  nature  of  water  absorption  by  a  sponge  (31). 

3.  Passage  through  small  openings  into  the  central  lymph  spaces  of 
the  villi,  aided  by  intestinal  peristalsis  or  by  the  contraction  and  expan- 
sion of  the  vim  (17),  (22),  (1,  p.  464). 

4.  Osmosis  and  diffusion  (1,  inferred  from  (32),  (33),  (34)). 

5.  A  mechanism  similar  to  that  of  secreting  glands;  an  inverted  gland- 
ular process  (35). 

6.  Ingestion  by  wandering  leucocytes  or  lymphocytes'  (36),  (37), 
(38).    A  mechanical  uptake  of  substances  (26). 

7.  Physiological  activity  of  the  epithelial  cells  of  the  intestine  (39), 
(56),  or  this  factor  combined  with  osmosis  and  diffusion  (43). 

8.  Physiological  activity  of  the  epithelial  cells  combined  with  a  power 
of  the  capillary  wall  to  inhibit  the  passage  of  diffusible,  dissolved  sub- 

*  For  further  literature  on  this  subject  see  Heidenhain  (5). 
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stances  from  the  blood  into  the  gut.  The  first  factor  is  entirely  free  of 
osmotic  influences,  while  the  latter  may  be  affected  by  this  force  (47), 
(48),  (49),   (50). 

9.  A  purely  physical  process,  involving  intra-intestinal  pressure, 
molecular  imbibition,  capillary  imbibition,  and  a  power  of  the  blood  to 
"suck"  fluid  out  of  the  tissues  (14). 

10.  A  motor  process  of  the  epithelial  intestinal  cells  (40),  (41).  Fil- 
tration by  the  force  of  intra-intestinal  pressure  (42). 

11.  Dependent  upon  the  solubility  of  the  dissolved  substances  in 
lipoids  for  their  passage  into  the  cells,  if  insoluble  in  lipoids  the  path 
is  by  the  mtercellular  route  (67),  (68),  (69),  (70),  (29),  (88),  (89). 

12.  Absorbed  in  accordance  with  the  power  of  dissolved  substances 
to  lower  surface  tension.  This  property  is  also  involved  in  the  inhibi- 
tion of  the  passage  of  blood  constituents  into  the  gut.  Chemical  and 
physical  forces  may  modify  this  process  (83),  (84). 

13.  Determined  by  the  mechanical  aflSnity  of  the  colloid  of  the  intes- 
tinal wall  for  the  fluid  and  dissolved  substances,  and  the  swelling  or 
shrinking  of  the  colloid  caused  thereby.  Swelling  promotes  the  absorp- 
tive process,  while  shrinking  inhibits  it  (77),  (78),  (79),  (80). 

14.  Negative  osmosis  (91),  (92),  (93).  Cataphoretic  electrical  fluid 
current,  dependent  upon  unequal  permeability  of  the  intestinal  wall  for 
ions,  or  polarization  of  the  membrane  (97),  (98),  (101). 

15.  Substances,  absorbed  by  osmosis,  are  changed  within  the  intestinal 
wall  to  non-diffusible  products  which  can  exert  a  further  osmotic  attrac- 
tion upon  the  absorption  of  other  constituents  in  the  intestine  (98), 
(102). 

THEORIES    OP    THE    MECHANISM    OF    INTESTINAL    ABSORPTION    FOUNDED 
UPON  EXPERIMENTAL   INVESTIGATIONS 

The  intensive  application  of  experimental  methods  to  the  study 
of  intestinal  absorption  began  with  the  work  of  Heidenhain  (43)  and 
his  pupils,  Leubuscher  (44),  Gumilewski  (45)  and  Rohman  (46).  For 
a  number  of  years  previous  to  the  work  of  these  investigators  the  prevail- 
ing idea  had  been  that  the  theories  of  endosmosis,  first  definitely  stated 
by  Dutrochet  in  1826,  adequately  explained  the  process.  Experimental 
evidence  for  this  view  is  not  to  be  found.  It  appears  quite  probable 
that  the  early  acceptance  of  the  theory  that  osmosis  is  responsible  for 
the  action  of  saline  cathartics,  strengthened  the  general  impression  that 
it  is  also  involved  in  the  absorptive  mechanism.    As  early  as  1844 
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PoiseuiUe  (32)  and  also  Liebig  (1848)  (33)  stated,  od  the  basis  of  exper- 
iments in  vitro,  that  the  explanation  of  the  action  of  cathartic  salts  is 
to  be  found  in  their  osmotic  behavior. 

In  1869  Voit  and  Bauer  (42)  obtained  results  which  led  them  to  con- 
clude that  osmosis  is  not  the  cause  of  intestinal  absorption.  They 
inclined  to  the  view  that  filtration  brought  about  by  intra-intestinal 
pressure  is  the  responsible  agent.  The  experimental  investigations 
were  concerned  with  the  absorption  of  protein  solutions,  serum  and 
salts.  The  deductions  were  based  partly  upon  the  entirely  erroneous 
premise  that  the  passage  of  the  solutions  through  the  intestinal  wall 
should,  if  osmosis  is  an  active  factor,  simulate  the  diffusion  of  the  same 
solutions  through  membranes.  The  fact  that  animal  membranes  may 
vary  in  their  permeability  was,  at  this  time,  not  known. 

Hoppe-Seyler  (1881)  (39)  was  the  first  to  maintain  definitely  that 
intestinal  absorption  is  a  fimction  of  the  living  epithelial  cells.  The  evi- 
dence was  piu^ly  deductive  and  was,  for  the  most  part,  based  upon  the 
action  of  the  gut  in  cholera  and  when  poisoned  by  certain  toxic  sub- 
stances. In  these  instances  there  is  a  failure  of  the  normal  absorptive 
function,  hence  Hoppe-Seyler  believes  that  the  "vital"  activity  of  the 
intestinal  cells  has  been  damaged.  This  type  of  evidence  has  been 
adduced  by  later  investigators,  hence  it  may  be  well  to  question  its  value. 
Is  it  not  conceivable  that  delicate  colloidal  membranes,  "vital"  or  non- 
living, could  be  equally  affected  or,  at  any  rate,  show  markedly  altered 
permeability  due  to  such  radical  changes  in  their  environment? 

Heidenhain  (43),  from  his  own  excellent  studies  and  those  of  the  work- 
ers in  his  laboratory  (44),  (45),  (46),  was  led  partiaUy  to  the  same  con- 
clusion as  that  expressed  by  Hoppe-Seyler.  Heidenhain  concedes  that 
a  certain  portion  of  the  fluid  and  dissolved  substance  is  absorbed  from 
the  intestine  by  osmosis.  Another  portion  does  not  obey  these  laws, 
but  is  absorbed  by  the  physiological  activity  of  the  living  epithelial 
cells.  Heidenhain  (43)  explains  his  position  by  stating  that  when  he 
speaks  of  the  "activity  of  the  living  cell"  he  means  thereby  only  that 
the  cell  can  exert  an  influence  upon  its  phjrsical  or  chemical  processes. 
This  investigator  insists  that  he  stands  absolutely  upon  the  grounds  of 
a  purely  physical  conception  of  the  mechanism. 

The  experimental  findings  which  led  Heidenhain  to  decide  that  ab- 
sorption is  partially  a  function  of  the  living  cells  of  the  intestine  were  as 
follows:  First,  because  serum  of  the  same  and  even  greater  concentra- 
tion than  the  blood  of  the  experimental  animal,  when  introduced  into 
the  gut,  is  always  concentrated,  never  diluted,  as  is  evidenced  by  the 
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content  of  total  solids.  Proteins  make  up  the  main  portion  of  the  unab- 
sorbed  residue.  Therefore,  there  is  a  direct  relation  between  the  absorp- 
tion of  salts  and  water  and  the  factor  causing  the  concentration,  for 
the  A  of  the  remaining  fluid  does  not  rise.  Second,  since  there  is  an 
uptake  of  fluid  from  a  sodium  chloride  solution  of  greater  osmotic 
pressure  (measured  by  the  depression  of  the  freezing  point.  A)  than 
the  blood.  At  a  concentration  of  2  per  t^ent  there  is  finally  reached 
a  point  where  the  osmotic  power  overcomes  the  physiological  absorptive 
activity  of  the  epithelial  cells  and,  as  a  result,  fluid  passes  into  the  gut 
from  the  blood.  Third,  for  the  reason  that'  chlorides  pass  out  of  a 
solution  of  0.3  per  cent  sodium  chloride  in  the  intestine;  in  other' words, 
there  is  a  passage  of  solute  from  a  lower  toward  a  higher  osmotic  pres- 
sure, which  was  contrary  to  the  accepted  laws  of  the  behavior  of  such 
solutions. 

These  results  enabled  Heidenhain  to  formulate  a  conception  of  the 
intestinal  mechanism  which  combined  both  the  cellular  and  the  osmotic 
activity.  That  is,  from  a  sodium  chloride  solution  of  higher  osmotic 
pressure  than  that  of  the  blood  the  salt  is  absorbed  by  osmosis;  on  the 
other  hand,  the  water  is  taken  up  by  a  physiological  cell  activity. 
Likewise,  from  concentrations  of  sodium  chloride  with  a  A  below  the 
level  of  that  of  the  blood,  water  is  absorbed  by  osmosis  and  the  salt  by 
the  active  cellular  force. 

The  effect  of  small  amounts  of  sodium  fluoride,  added  to  the  solutions 
placed  into  the  intestine,  seemed  to  offer  a  proof  of  the  above  statements. 
When  this  salt  is  added  to  high  concentrations  of  sodium  chloride 
(1,05  to  1.5  per  cent),  which  have  a  A  above  blood  level,  there  is  a 
decreased  water  absorption,  and  only  to  a  slighter  extent  a  decreased 
uptake  of  chlorides.  On  the  contrary,  sodium  fluoride  affects  the  ab- 
sorption of  fluid  from  sodium  chloride  solutions  (0.3  to  0.4  per  cent) 
of  lower  A  than  that  of  the  blood  less  than  it  does  the  passage  of  chlo- 
rides. The  sodium  fluoride,  then,  a  cell  poison,  inhibits  the  physiolog- 
ical activity  to  a  greater  extent  than  it  does  the  physical  force  which  is 
associated  with  the  process. 

Cohnheim  (47),  (48),  (49),  (50)  designed  a  series  of  experiments  to 
test  whether  or  not  soluble  blood  constituents  can  pass  into  the  intesti- 
nal contents,  with  a  view  of  obtaining  a  measure  of  the  extent  to  which 
this  occurrence  plays  a  part  in  adjusting  the  osmotic  equilibrium  between 
the  intestinal  fluid  and  the  blood.  These  investigations  led  Cohnheim 
to  the  decision  that,  under  normal  conditions,  appreciable  amoimts  of 
diffusible  blood  constitutots  do  not  pass  into  the  intestine.  The  absorp- 
tion process  is,  then,  a  purely  one-way  mechanism. 
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Intestinal  absorption,  according  to  Cohnheim,  involves  two  factors: 
first,  an  impermeability  to  body  fluids  and  dissolved  substances;  second, 
an  ability  of  the  enteric  wall  to  take  up  the  contents  from  its  lumen. 
The  first  process  is  due  to  the  activity  of  the  capillary  endothelium,  and 
it  is  through  the  intermediation  of  this  structure  that  osmotic  equilib- 
rium between  intestinal  solutions  and  the  blood  is  attained  without 
the  passage  of  blood  constituents  into  the  gut  solutions.  The  last  state- 
ment might  be  interpreted  as  inferring  that  osmotic  forces  are  active 
through  the  capillary  endothelium,  although  this  is  not  definitely  asserted. 
The  second  portion  of  the  absorptive  phenomenon  is  a  function  of  the 
intestinal  epithelial  cells;  it  is  absolutely  free  of  physical  influences. 
This  hypothesis,  therefore,  differs  from  that  of  Heidenhain  in  that  it 
does  not  admit  that  the  cellular  activity  of  the  epithelium  may  be 
affected  by  the  osmotic  pressure  of  the  intestinal  solutions. 

The  experimental  basis  for  the  above  conclusions  will  be  outlined  briefly. 
Working  with  dogs  with  Vella  fistulas  of  the  small  intestine,  Cohnheim 
(47)  states  that  solutions  of  glucose  of  all  concentrations  come  into  osmo- 
tic equilibrium  with  the  blood.  This  equilibrium,  according  to  the  au- 
thor, is  accomplished  by  the  absorption  of  water  or  glucose,  not  by  the 
passage  of  sodiimi  chloride  or  other  diffusible  constituents,  from  the 
blood  into  the  gut.  It  is  asserfed  that  the  amount  of  sodiimi  chloride 
which  passes  into  glucose  solutions  is  small,  regardless  of  whether  the 
solutions  are  isotonic,  hypertonic  or  hypotonic.  When,  on  the  other 
hand,  sodium  fluoride  (also  potassium  arsenate)  which  Heidenhain 
believed  damaged  the  cell  activity  of  the  epithelium  is  added  to  a 
glucose  solution  in  the  intestine,  Cohnheim  (48)  observes  that  the  sodium 
chloride  which  diffuses  into  the  glucose  solution  is  increased  above  the 
amount  normally  foimd,  under  similar  conditions,  in  the  absence  of  the 
fluoride.  There  is  an  increased  diffusion  between  the  intestine  and 
the  blood  vessel  contents.  In  addition,  while  usually  both  hypertonic 
and  hypotonic  solutions  come  into  an  osmotic  equilibriimi  with  the 
blood,  in  the  experiments  in  which  i3odium  fluoride  is  added,  the  concen- 
tration of  glucose  sinks  below  the  isotonic  level.  Hence,  the  normal 
specific  ability  of  the  intestinal  wall,  to  allow  a  passage  in  but  one  direc- 
tion, is  lost  when  poisoned  with  sodiimi  fluoride.  Cohnheim  believes 
that  the  fluoride  has  a  predilection  for  the  capillary  endotheliimi, 
although  it  may  also  injure  the  epithelium.  Therefore  the  findings  are 
consistent  with  the  theory  that  normally  the  capillary  walls  possess 
the  power  to  inhibit  the  passage  of  fluid  and  dissolved  substances  from 
the  blood. 
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The  one-way  absorptive  mechanism  finds  confinnation,  also,  in  experi- 
ments in  which  Cohnheim  (49)  studied  the  behavior  of  sugar  solutions 
in  the  isolated  intestine  of  cats,  rabbits  and  dogs.  Under  these  condi- 
tions the  investigator  states  that  he  can  demonstrate  a  transport  of 
fluid  from  the  intestinal  lumen  into  the  outer  surrounding  fluid.  This 
conclusion  is  drawn  on  the  basis  of  measurements  of  the  gut  contents 
and  the  weight  of  the  intestine  before  and  after  the  experiment.  As  the 
latter  does  not  show  an  increase,  and  since  there  is  a  deficit  of  fluid 
within  the  lumen,  it  is  held  that  there  must  have  been  an  actual 
transport. 

The  absorption  stream  is,  moreover,  always  in  the  direction  of  the 
outer  fluid  regardless  of  the  concentration  and  chemical  character  of  the 
solutions  employed.  In  short,  Cohnheim  decides  that  in  this  isolated 
system  the  fluid  stream  is  not  dependent  upon  the  anatomical  arrange- 
ment of  the  vessels  in  the  intestinal  wall,  the  mechanical  pressure  of  the 
musculature,  of  differences  of  osmotic  pressure,  or  of  solution  tension  on 
the  two  sides  of  the  epitheUum,  but  solely  upon  the  integrity  of 
the  intestinal  wall  which  possesses  the  fimction  of  carrying  fluid  in  but 
one  direction. 

Rhorer  (51)  has  repeated  Cohnheim's  experiments  on  the  isolated 
intestine,  using  a  similar  technic,  and  states  that  it  was  not  possible  in 
his  work  to  demonstrate  a  fluid  transport. 

Waymouth-Reid  (6),  (7),  (8),  (9),  (52),  (53),  (54),  (55),  (56),  on  the 
same  general  groimds  as  Heidenhain  and  Cohnheim,  decides  that  the 
intestinal  process  is  due  to  the  physiological  activity  of  the  intestinal 
cells.  Reid  states,  however,  that  by  the  use  of  the  expression  "cell 
action"  he  does  not  imply  that  the  forms  of  energy  utilized  in  the  cell 
mechanism  are  other  than  those  known  in  the  physical  world.  This 
investigator  believes  that  whatever  efifect  physical  forces  may  exert, 
whether  they  be  osmotic  or  in  the  nature  of  "chemical  excitation,'' 
their  relation  is  to  the  cell  and  not  to  the  blood.  If  the  writer  inter- 
prets Reid's  (56)  statements  correctly,  his  theory  of  the  intestinal 
mechanism  assigns  the  absorptive  power  exclusively  to  cellular  activity 
to  a  much  greater  degree  than  did  Heidenhain,  who  conceded  that  a 
certain  portion  of  the  process  is  osmotic.  Reid  stands,  perhaps,  in  closer 
harmony  with  Cohnheim,  who  denies  that  the  intestinal  cells  are  lujdei 
any  physical  influences,  but  does  convey  a  suspicion  that  the  blood  ves* 
sels  of  the  intestines,  which  are  concerned  in  holding  back  blood  salts, 
may  be  amenable  to  osmotic  effects. 


Digitized  by 


Google 


430  SAMUEL  GOLD8CHMIDT 

The  evidence  on  which  Reid's  conclusions  are  based  may  be  stated 
briefly.  There  is  an  absorption  of  serum  from  the  intestine  of  an  animal 
under  conditions  in  which  filtration,  osmosis  and  adsorption  are  ex- 
cluded (8) .  Voit  and  Bauer  (42)  and  Heidenhain  (43)  had  previously  noted 
that  serum  may  be  absorbed  from  the  intestine  of  experimental  animals. 
Furthermore,  injury  to,  or  removal  of,  the  intestinal  epitheliiun  stops 
this  absorptive  process  (7)  in  spite  of  the  fact,  according  to  this  author, 
that  such  procedures  should  favor  the  action  of  the  purely  physical 
forces  of  filtration,  osmosis  and  adsorption.  Indeed,  this  experimenter 
finds  that  any  condition  depressing  the  acti\dty  of  the  cells  tends  to 
reduce  the  absorptive  action.  Previous  to  Cohnheim  and  in  agreement 
with  him,  Reid  (52)  demonstrated,  by  means  of  a  diffusion  apparatus, 
using  an  isolated  smriving  piece  of  intestine  as  a  membrane,  that  trans- 
port takes  place  from  the  mucosa  to  the  fluid  in  contact  with  the  muscu- 
lar coat  on  the  opposite  side.  In  this  arrangement,  in  which  osmotic 
pressiu-e  influences  may  be  excluded,  simply  by  placing  fluids  of  the  same 
composition  on  the  two  sides  of  the  membrane,  it  is  arjgued  that,  since 
transport  occurs,  the  active  force  must  be  a  "vital"  process  inherent  in 
the  epithelial  cells.  Reid  (55)  repeated  Cohnheim's  experiments,  using 
an  isolated  intestinal  loop,  and  obtained  results  confirming  the  finding 
of  that  investigator,  namely,  that  in  such  a  system  there  is  a  fluid  trans- 
port in  one  direction  only.  The  reverse  process  of  passage  into  the  intes- 
tinal lumen  is  stated  to  be  the  result  of  cellular  injury  only,  in  which  case 
the  cells  lose  their  "orienting  action. "  That  the  osmotic  pressing  of  the 
blood  is  not  involved  in  the  mechanism  of  intestinal  absorption,  Reid 
(56)  believes  to  have  demonstrated  by  increasing  the  salt  content  of  the 
circulating  fluid  by  intravenous  injection  of  sodium  chloride  and  deter- 
mining its  effect  upon  the  uptake  of  glucose  solutions  in  the  gut  lumen. 
Such  experiments  showed  that  the  degree  of  water  passage  from  the 
intestinal  fluid  is  never  increased  under  conditions  of  increased  osmotic 
attraction  of  the  blood,  although  in  most  instances  there  is  a  diminished 
glucose  absorption.  In  addition,  no  extra  chlorides,  above  the  normal 
amoimt,  are  found  in  the  gut  content  in  these  experiments.  Hence  it  is 
concluded  that  the  uptake  of  water  from  a  solution  in  the  gut,  with  unin- 
jiu*ed  epitheUum,  is  not  a  simple  fimction  of  osmotic  pressure  of  the 
sodium  chloride  of  the  blood.  Since  this  is  the  chief  blood  salt,  Reid 
concludes  that  it  is  not  probable  that  any  other  blood  constituent 
possesses  the  property  of  influencing  fluid  absorption  from  the  intestine. 

The  work  of  the  three  authors  detailed  above  constitutes  the  chief 
basis  for  the  theory  that  the  "physiological  activity"  of  the  intestinal 
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cells  is  responsible  for  absorption  in  that  organ.    Let  us  now  examine 
the  evidence  pointing  to  a  physical  explanation  of  the  mechanism. 

Hamburger  (14),  (15),  (16),  (57),  (58),  (59),  (60)  does  not  accept  the 
theory  that  the  process  is  due  to  "vital"  cell  activity,  but  from  his 
experiments  he  is  led  to  postulate  a  purely  mechanical  explanation  of 
the  intestinal  absorptive  mechanism.  This  investigator  does  not  deny 
that  phjrsiological  or  pathological  changes  can  affect  the  physical  forces 
involved,  but  he  maintains  that  they  do  not  cease  to  be  purely  mechani- 
cal (14). 

The  scheme  of  absorption  from  the  gut,  according  to  Hamburger 
(14),  (15),  (16),  is  as  follows:  The  epitheUal  cells  take  up  fluid  and  dis- 
solved substances  by  molecular  imbibition.  This  solution  makes  its 
way  by  capillary  imbibition  through  the  connective  tissue  mucosa  and 
is  carried  away,  in  small  part,  by  the  lymph.  The  greater  portion 
passes  by  molecular  imbibition  into  the  cement  substance  of  the  capil- 
lary endothelium  or  is  taken  up  by  the  cell  itself  to  go  by  capillary  imbi- 
bition into  the  blood  vessels,  whence  it  passes  into  the  blood  stream. 
A  tissue  has  a  limited  power  to  imbibe,  hence  this  process  would  come 
to  an  end  if  the  fluid  were  not  taken  away  rapidly. 

Therefore,  for  transporting  fluid  out  into  the  capillaries  there  are, 
besides  imbibition,  two  other  factors.  First,  there  is  a  power  which 
"sucks"  or  "sweeps"  fluid  out  of  the  tissue  spaces  into  the  capillary 
blood  stream;  this  action  increases  with  the  speed  of  the  blood  flow. 
Second,  intra-intestinal  pressure  is  of  importance  in  the  process.  In 
the  living  animal  this  pressure  may  be  increased  by  breathing,  by  peri- 
stalsis and  by  the  weight  of  the  intestines. 

Hamburger  (14),  (15),  (16)  established  the  influence  of  intra-intesti- 
nal pressure  upon  absorption  of  isotonic  sodium  chloride  solutions 
in  the  gut  by  a  series  of  experiments  in  which  hydrostatic  pressure  is 
altered,  but  the  intestine  is  prevented  from  expanding  by  a  mechanical 
device,  thus  ruling  out  the  factor  of  an  increased  exposed  surface  as 
the  responsible  factor  in  the  results  obtained.  A  second  method  con- 
sisted of  varying  the  intra-intestinal  force  by  an  alteration  of  the  intra- 
abdominal pressure  and  then  examining  its  efifect  upon  the  absorption  of 
isotonic  sodium  chloride  solutions.  By  such  experimental  methods 
Hamburger  finds  that  increased  intra-intestinal  pressure  facilitates 
absorption,  as  does  also  a  greater  intra-abdominal  pressure  under  favor- 
able conditions.  When  intra-intestinal  pressure  is  reduced  to  zero  or 
to  a  slightly  negative  value  the  result  is  a  complete  arrest  of  absorption. 
A  positive  intestinal  pressure  of  0.5  cm.  still  allows  of  a  slow  uptake. 
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Hence,  Hamburger  believes  that  the  intra-intestinal  pressure  which  will 
allow  of  absorption  is  lower  than  that  in  the  intestinal  capillaries,  how 
much  lower  it  may  be  depends  upon  the  force  of  the  process  of  imbibi* 
tion  and  the  "sucking"  action  of  the  blood.  In  his  mechanical  theory 
Hamburger  also  includes  the  "suction"  and  pressure  action  of  the  villi, 
as  well  as  forces  of  osmosis  and  filtration  (16,  p,  191). 

Leubuscher  (61)  had  previously  performed  experiments  to  test  the 
efifect  of  increased  hydrostatic  pressure  upon  intestinal  uptake.  He 
f  oimd  that  absorption  increased  with  increasing  pressure  up  to  a  certain 
optimum  point  (80  to  140  inm.  Hg).  The  increase  is  ascribed,  in  these 
experiments,  to  a  simple  unfolding  and  expansion  of  the  surface  of  the 
gut.  The  decrease  which  follows  this  optimum  point  is  due,  according 
to  Leubuscher,  to  the  effect  of  the  increased  pressure  upon  the  blood 
flow. 

Whether  or  not  filtration  is  active  in  the  transfer  of  fluid  and  dissolved 
substances  through  the  intestinal  wall  resolves  itself,  obviously,  into  a 
question  of  whether  the  intra-intestinal  pressure  is  greater  than  that  on 
the  opposite  side  of  the  filter,  which  is,  ultimately,  the  capillary  blood 
pressure.  Reid  (8),  (9), (55)  and  also  StarUng  (62),  (63)  maintam  that 
filtration  is  not  to  be  considered,  since  the  capillary  blood  pressure  is 
higher  than  the  intra-intestinal,  The  former  investigator  and  also 
Cohnheim  (49)  have  observed  that  absorption  may  occur  under  condi- 
tions in  which  mechanical  pressing  influences  are  excluded.  Hambur- 
ger (14),  (16)  states  that  absorption  may  take  place  when  the  intestinal 
is  below  the  capillary  pressure,  but  believes  that  at  this  point  the  contrib- 
utory forces  of  imbibition,  "suction  of  the  blood  stream,"  villus  move- 
ment and  osmosis  are  also  at  work.  The  controversy  is  not  settled  but, 
aside  from  the  normal  existence  of  conditions  apparently  unfavorable 
for  filtration.  Hamburger's  findings  must  be  tentatively  accepted  as 
indicating  that  variations  in  intra-intestinal  pressure  can  affect  absorption. 

Hamburger  (59),  (60)  studied  the  power  of  isolated  intestinal  epi- 
thelia  to  imbibe  and  to  swell  when  subjected  to  salt  solutions  of  different 
concentration.  In  these  experiments  support  is  found  for  his  imbibition 
theory,  for  the  volume  of  intestinal  cells,  and  at  times  even  the  dimen- 
sions of  the  nucleus  may  be  altered.  This  seemed  to  warrant  the  deduc- 
tion that  the  body  of  an  isolated  cell  is  very  permeable  to  sodium  chlo- 
ride, while  the  nucleus  possesses  little  or  no  permeability  for  the  salt. 
It  is  also  demonstrated  that  the  permeability  may  vary,  depending  upon 
the  salt  and  the  "state  of  the  cell." 
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The  remainder  of  the  evidence  upon  which  Hamburger  bases  his 
theory  deals  with  the  behavior  of  salt  solutions  toward  structureless, 
homogeneous  membranes  (agar,  gelatine  and  collodion),  isolated  tissues 
used  as  membranes,  and  also  the  diffusion  phenomena  in  the  intestines 
of  dead  dogs.  In  the  experiments  employing  dead,  isolated  intestinal 
and  other  tissue  as  a  diffusion  membrane,  Hamburger  (58)  believes  to 
have  demonstrated  perfectly  the  "one-way  diffusion"  of  the  intact 
intestine.  Hence  this  demonstration,  states  the  author,  is  not  in  agree- 
ment with  Cohnheim's  idea  that  the  intestine  possesses  a  "vital" 
factor  simply  because  of  its  property  of  passing  a  fluid  stream  in  one 
direction.  On  the  whole,  the  experimenter  concludes  that  the  difference 
between  "dead"  and  "living"  membranes  is  merely  quantitative. 
Artificial  membranes  were  constructed  with  which  Hamburger  (57), 
(58)  was  able  to  duplicate  all  the  phenomena  exhibited  in  the  intestinal 
absorption  of  sodium  chloride  solutions  and  even  of  serum.  All  of  these 
factors,  then,  led  him  to  the  conviction  that  enteric  absorption  is  brought 
about  by  a  purely  physical  or  mechanical  process. 

Hober  (64),  (65),  (66),  (67),  (68),  (69),  (70)  performed  experiments 
designed  to  compare  the  rates  of  diffusion  of  a  series  of  salts  with  their 
speed  of  absorption  in  the  intestine.  The  results  of  the  investigations 
led  him  to  conclude  that  physical  forces  are  involved  in  the  mechanism, 
even  though  they  do  not  fully  explain  the  process,  and  though  the  speed 
of  absorption  is  not  strictly  comparable  to  the  membrane  behavior  of 
the  solutes  tested.  Further  studies  convinced  him  that  salts  are  absorbed 
into  the  intestinal  cells  only  if  they  are  lipoid  soluble,  in  agreement  with 
Overton's  idea  that  lipoid  solubility  determines  cell  permeability.  On 
this  basis  Hober  points  out  that  the  intestinal  epitheliimi  behaves  toward 
dissolved  substances  like  other  cells,  that  their  plasma  membrane  acts 
like  other  protoplasm,  and  does  not  require  a  special  power  of  uptake, 
as  was  usually  supposed.  The  dissolved  substances  which  have  a 
parallel  rate  of  intestinal  absorption  and  speed  of  diffusion  are  lipoid 
insoluble  and  pass  between  the  cells.  Other  materials,  which  have  a 
greater  speed  of  absorption  than  of  diffusion,  are  lipoid  soluble  and  pass 
through  the  cells.  This  theory,  the  author  states,  is  not  inconsistent 
or  conflicting  with  any  osmotic  explanation  of  the  process. 

In  order  to  explain  how  this  mechanism  affects  the  absorption  of  salts 
and  other  bodies,  it  is  set  forth  that  all  inorganic  salts  and  sugars  with 
six  or  more  carbon  atoms,  in  general  all  lipoid  insoluble  substances, 
pass  between  the  cells.  Iron  is  the  one  discovered  exception  in  regard 
to  this  rule  for,  although  it  is  not  soluble  in  lipoids,  it  passes  into  the 
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cells.    Lipoid  soluble  materials,  as  urea,  glycerine  and  ethyl  alcohol, 
are  taken  into  the  cells  through  their  surfaces. 

The  relation  of  speed  of  absorption  in  the  intestine  to  lipoid  solubility 
is  borne  out  in  the  work  of  Hober's  student,  Katzenellenbogen  (71). 
Heidenhain  (6)  had  previously  decided  that  the  intercellular  cement 
substance  of  the  villus  epitheliimi  is  open  for  at  least  part  of  the  absorbed 
materials. 

Wallace  and  Cushny  (72),  (73)  independently  and  at  about  the  same 
time  as  Hober  (64),  published  experiments  in  which  they  compared  the 
rates  of  absorption  of  a  large  number  of  equi-molecular  sail  solutions 
with  that  of  a  1  per  cent  solution  of  sodiimi  chloride.  Their  results, 
however,  do  not  agree  with  those  of  Hober  in  showing  a  parallelism  oe- 
tween  the  rates  of  absorption  and  of  diffusion.  They  find  that  readily 
dissociated  salts,  whose  ions  possess  a  great  speed,  are  not  always  ab- 
sorbed faster  than  less  dissociated  salts  with  weaker  ionic  speed. 
Wallace  and  Cushny  (73)  affirm  that  these  facts  do  not  necessarily  indi- 
cate that  the  intestinal  cells  operate  only  by  a  "vital"  activity,  but 
it  is  more  likely  that  the  absorptive  process  is  due  to  a  chemical  relation 
of  colloid  to  salts,  of  such  a  nature  that  the  cell  may  take  up  one  salt 
easily  and  reject  another. 

The  observations  of  Hober  (64)  and  Wallace  and  Cushny,  that  vari- 
ous salt  solutions  of  the  same  osmotic  pressure  have  a  different  speed 
of  absorption,  due  to  an  unequal  rate  of  passage  of  their  ions,  are  of 
great  importance.  They  showed  clearly  that  the  intestinal  wall  does 
not  possess  an  equal  permeability  to  all  dissolved  substances.  Further 
one  cannot  expect  to  get  a  strict  comparison  of  rate  of  diffusion  through 
membranes  and  intestinal  absorption.  We  are  dealing,  then,  with  a 
membrane  of  varying  permeability,  depending  upon  the  nature  of  the 
salt  presented  to  it.  A  lack  of  appreciation  of  this  fact  led  many  workers 
to  erroneous  conclusions  before  this  time. 

Goldschmidt  and  Dayton  (74)  performed  experiments,  using  colonic 
loops  of  dogs,  which  led  them  to  the  conviction  that  osmotic  processes 
are  active  in  the  mechanism  of  intestinal  absorption.  Toward  solu- 
tions of  sodium  chloride  the  colon  acts  essentially  like  a  permeable  mem* 
brane.  On  the  other  hand,  solutions  of  sodiimi  and  magnesium  sul- 
phate behave  in  the  colon  as  though  they  were  separated  by  a  semiper- 
meable membrane. '  It  is  also  demonstrated  that  the  absorptive  process 
is  related  to  the  s^lt  content  and  osmotic  concentration  of  the  blocKl. 
In  addition,  the  osmotic  pressure  exerted  by  the  gut  contents,  which 
in  turn  is  dependent  upon  the  permeability  of  the  intestinal  membrane 
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for  the  solute,  are  factors  in  inhibiting  the  passage  of  blood  constituents 
into  the  gut  contents.  The  osmotic  pressure  and  the  permeability  of 
the  enteric  wall  for  the  solutes  in  contact  with  it  also  determine  the  speed 
of  passage  into  the  blood  of  other  dissolved  substances  simultaneously 
present  in  the  gut  without  evidence  of  injury  to  the  intestinal  mechan- 
ism. Goldschmidt  and  Binger  (75)  showed  that  the  permeabiUty  of  the 
intestinal  wall  may  be  altered,  that  is,  increased  or  diminished,  without 
demonstrable  evidence  of  ph3rsiological  injury.  In  other  words,  the 
intestinal  membrane  may  exhibit  a  changing  permeability,  dependent 
upon  the  chemical  character  and  the  concentration,  within  physiologi- 
cal limits,  of  salts  in  contact  with  it.  This  conception  also  includes 
thq  possibiUty  of  one  solute  affecting  the  passage  of  another  either  by 
altering  its  state  in  solution  or  in  a  manner  which  is  dependent  upon 
their  relative  power  to  pass  through  the  membrane. 

DIFFUSION  THROUGH  THE  INTESTINE   OF  DEAD  DOGS 

Whether  the  non-living  intestinal  wall  behaves  similarly  to  that  of 
the  Uving  animal  has  been  a  subject  of  much  controversy  in  deciding 
whether  or  not  the  mechanism  of  enteric  absorption  involves  the  integ- 
rity of  the  living  cell.  Hamburger  (14),  (15)  found  that  absorption  of 
sodiimi  chloride  solutions  and  of  horse  serum  proceeds  in  the  intestine 
of  dogs,  dead  from  1  to  24  hours,  in  the  same  order  as  from  Uving  animals. 
This  supports  the  investigator's  theory  that  the  process  is  purely  physi- 
cal. It  will  be  remembered  that  Hamburger  (57),  (58)  has  also  claimed 
to  have  duplicated  the  process  of  intestinal  absorption,  in  some  of  its 
apparently  non-physical  details,  with  structureless  homogeneous  mem- 
branes. 

Cohnheim  (47),  (50)  criticises  Hamburger's  experiments  on  dead 
animals  on  the  grounds  that,  since  the  blood  is  stagnant  in  the  vessels, 
there  is  so  little  fluid  on  the  blood  side  that  qualitatively  the  same  results 
would  be  obtained  as  in  the  Uving  animal.  The  agreement,  therefore,  he 
states  is  only  apparent.  To  imitate  more  closely  the  normal  process 
Cohnheim  perfused  the  abdominal  vessels  by  inserting  a  cannula  into 
the  inferior  vena  cava  after  the  death  of  the  animal.  Nevertheless, 
with  this  procedure,  an  animal  taken  directly  after  death  behaves  toward 
solutions  in  the  intestine  like  the  intact  animal.  The  conclusion  is 
drawn  that  the  epitheUimi  is  not  dead,  therefore  the  experimenter 
destroyed  it  with  heat  (hot  water  at  80  to  90°C.).  After  this  treatment 
it  is  foimd  that  sodium  chloride  of  the  vascular  perfusion  fluid  passes 
into  a  glucose  solution  in  the  gut  in  accordance  with  a  purely  diffusion 
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process.  If  the  vessels  are  not  perfused  Cohnheim  confirms  the  results 
obtained  by  Hamburger;  that  is,  a  behavior  similar  to  that  in  the  living 
animal.  Cohnheim  further  states  that  in  an  animal  dead  for  some  time 
(5  hours)  there  is  very  Uttle  absorption  with  or  without  destroying  the 
cells  by  heat. 

Hober  (66)  attacks  the  experiments  of  Cohnheim,  quite  justly,  by 
questioning  whether  treating  the  epitheliimi  with  heat  leaves  an  intes- 
tine which  differs  from  that  of  the  living  animal  only  in  the  lack  of  Uving 
active  epitheUal  cells.  The  former  performed  experiments  in  which 
he  determines  that,  when  the  intestine  of  a  dead  dog  is  treated  with 
heat  according  to  Cohnheim's  method,  it  does  not  act  toward  solutions 
in  the  same  manner  as  the  untreated  intestine  of  similar  dogs,  even  in 
the  absence  of  perfusion.  He  ai^es  that  if  the  intestine  of  a  dog  which 
has  been  dead  for  24  hours  does  not  behave  like  a  physical  membrane, 
then  it  ought  not  to  do  so  even  though  its  vessels  are  perfused.  The 
discrepancy  is  explained  as  due  to  pressure  differences.  Cohnheim 
attempted  to  maintain  the  perfused  sodiimi  chloride  under  normal 
pressure,  but  Hober  points  out  that  the  normal  opposing  pressure  is 
absent,  namely,  that  due  to  contraction  of  the  intestinal,  diaphragmatic 
and  abdominal  musculature.  The  latter  further  states  that  there  is 
only  a  quantitative  difference  between  the  absorption  from  the  intestine 
of  a  dead  and  a  living  dog.  This,  he  asserts,  is  due  not  only  to  a  failm-e 
of  the  pressure  factors  mentioned  above,  but  also  to  the  absence  of  the 
"sucking"  action  of  the  blood  stream.  Further,  the  only  discrepancy 
between  diffusion  and  absorption  is  that  diffusion  through  membranes 
behaves  the  same  in  either  direction,  while  absorption  carries  dissolved 
substances  in  a  special  direction. 

Goldschmidt  and  Dayton  (74)  carried  out  a  few  experiments  upon  the 
changes  of  voliune  and  composition  of  distilled  water  and  of  sodium 
chloride  solutions  in  the  colon  of  dead  animals.  The  fluid  absorption 
is  practically  nil,  as  is  also  the  exchange  of  dissolved  substances. 

PHYSICO-CHEMICAL    FACTORS    POSSIBLY    INVOLVED    IN    THE     ABSORPTIVE 
MECHANISM,   FOR    THE    MOST   PART  BASED    UPON 
THEORETICAL    CONSIDERATIONS 

In  addition  to  the  theories  of  the  absorptive  mechanism  of  the  intes- 
tine, based  upon  experimental  evidence,  there  are  many  in  the  literature 
in  which  from  analogy  physico-chemical  principles  are  applied  as 
explanations  of  the  phenomenon.  In  this  class  may  be  included  the 
process  of  imbibition,  first  appUed  to  absorption  through  the    blood 
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vessels  by  Magendie  (68)  and  later  (31)  suggested  by  him  as  possibly 
associated  with  intestinal  absorption.  Magendie  thought  of  the  villi 
as  "soft  sponges"  which  imbibed  fluids. 

The  modem  investigations  on  this  subject  are  due  principally  'to  the 
researches  of  Hofmeister  (77)  which  deal  with  the  uptake  by  colloids 
of  solvents  and  solutes  from  a  long  list  of  salt  solutions,  together  with  the 
capacity  of  the  latter  to  produce  swelling  or  shrinking  of  the  colloids. 
These  data  led  to  the  formulation  of  the  "Hofmeister  series."  Hof- 
meister has  suggested  that  this  phenomenon  of  mechanical  affinity 
for  water  and  solute,  with  the  attending  change  in  volume  of  the  col- 
loidal substance,  may  play  a  r61e  in  the  body  and  especially  in  intestinal 
absorption.  If  such  be  the  case,  he  continues,  one  need  not  assume  that 
the  process  is  of  a  "vital"  nature.  It  has  previously  been  pointed  out 
in  this  paper  that  Hamburger  believed  that  molecular  and  capillary 
imbibition  were  an*  essential  part  of  his  physical  theory. 

Pauli  (78),  although  he  points  out  that  the  cells  represent  a  more 
complicated  system,  believes  that  he  can  reconcile  Hofmeister's  results 
on  the  swelling  of  gelatine  with  Heidenhain's  findings  on  intestinal 
absorption. 

Fischer  (79)  advances  the  prediction  that  the  laws  governing  colloidal 
imbibition  will  do  more  to  give  an  insight  into  the  phenomenon  of  absorp- 
tion than  the  laws  of  osmotic  pressure  and  diffusion  have  done. 

Bechhold  (80)  asserts  that  the  belief  that  osmotic  forces  were  involved 
has  been  a  hindrance  to  progress  in  this  field  of  investigation,  and  that 
only  a  recognition  of  swelling  and  shrinking  of  colloids  as  dominant 
factors  can  furnish  a  satisfactory  explanation  of  the  mechanism.  He 
further  states  that  salts  which,  as  a  rule,  promote  uptake  of  water  in  the 
intestine,  also  favor  the  swelling  of  fibrin  and  gelatine.  Bechhold 
expands  upon  the  subject,  stating  that  electrolytes  which  cause  shrink- 
ing may  impede  not  only  their  own  absorption,  but  that  of  other  salts, 
while  substances  rapidly  diffusible  and  favoring  swelling  act  contrariwise. 
The  cathartic  salts,  according  to  Hofmeister's  classificaiion,  belong  to 
the  group  of  electrolytes  which  hinder  swelling,  hence  if  the  above  state- 
ment is  true  they  should  impede  the  diffusion  of  other  salts.  Results 
quite  out  of  harmony  with  this  hypothesis  were  obtained  by  Gold- 
schmidt  and  Dayton  (74)  who  found  that  sodiimi  sulphate,  instead  of 
hindering,  markedly  speeds  the  diffusion  rate  of  sodimn  chloride  in  the 
colon. 

Mayerhofer  and  Pribram  (81)  present  experiments  to  show  that  the 
permeabiUty  of  isolated  sections  of  the  intestines  of  rabbits  and  guinea- 
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pigs  is  partially  a  function  of  their  water  content.  The  more  water  the 
intestine  contains,  the  more  permeable  it  is  for  water  solutions.  By 
imbibition  or  desiccation  a  membrane  can  be  made  artificially  more  or 
less  permeable.  They  believe,  moreover,  that  by  water  withdrawal 
a  condition  akin  to  that  characteristic  of  acute  and  chronic  intestinal 
diseases  may  be  produced.  Quagliariello  (82)  reports  that  he  was  unabte 
to  distinguish  any  difference  in  the  power  of  isolated  intestinal  tissue 
of  dogs  to  take  up  sodiimi  chloride  and  sodiimi  sulphate. 

The  r61e  of  capillarity  and  surface  tension  in  intestinal  absorption 
is  not  a  new  problem,  but  it  has  received  further  attention  in  recent 
times.  Traube  (83),  (84),  on  purely  theoretical  grounds,  believes  that 
surface  tension  plays  an  important  part  in  the  mechanism.  .  He  has 
found  that  of  all  the  substances  which  Overton  studied  plasmolytically, 
the  greater  the  speed  with  which  it  passes  into  the  cell,  the  greater  is  its 
power  to  lower  surface  tension.  It  is  this  inviestigator's  idea  that  sur- 
face tension  is  the  driving  force  or  cause  of  osmosis.  To  the  combined 
factors  he  gives  the  name  "Haftdruck"  or  "adhesion  pressure."  The 
more  the  surface  tension  of  a  solvent  is  increased  or  diminished  by  a 
dissolved  substance,  the  greater  or  less  is  the  "adhesion  pressure"  of 
the  solute.  Therefore,  the  osmosis  of  a  solute  is  more  rapid  the  smaller 
its  "adhesion  pressure."  Intestinal  absorption,  according  to  Traube, 
may  be  influenced  by  this  factor  in  the  following  manner.  The  uptake 
of  fats,  for  instance,  is  aided  by  the  power  of  bile  to  lower  sur- 
face tension.  Also,  the  question  why  sugars  go  directly  into 
the  blood,  while  fat  is  absorbed  by  the  lymph  stream,  is  associated 
with  surface  phenomena.  However,  these  influences  are  subject  to 
alteration  by  other  factors.  That  is,  even  though  the  lymph  has  a 
lower  surface  tension  than  the  blood,  the  nature  of  the  pressure  in  the 
capillaries  may  carry  substances  in  that  direction.  Further,  chemical 
activity  and  above  all  the  composition  of  the  membrane  may  modify 
the  mechanism.  If,  for  instance,  the  membrane  contains  fatty  parti- 
cles, then  the  surface  tension  of  fluids  passing  through  it  decreases  and 
thereby  modifies  the  speed  of  passage  greatly.  If  a  membrane  on  one 
side  contains  lipoids  and  on  the  other  not,  it  can  happen  that  the  surface 
pressure  may  be  altered  by  the  lipoid  content,  and  the  direction  of  the 
diffusion  stream  is  altered  or  even  reversed.  In  other  words,  the 
^* adhesion  pressure"  on  opposite  sides  of  a  membrane  is  an  all-impor- 
tant factor  in  determining  the  direction  of  the  fluid  passage;  hence  the 
writer  postulates  a  cause  of  the  failure  of  blood  constituents  to  pass 
into  the  intestine.    Furthermore,  he  states,  one  need  not  wonder  that 
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serum  or  plasma  may  be  absorbed,  as  was  found  by  Voit  and  Bauer, 
Heidenhain,  and  Reid,  for  the  amount  of  lipoid  on  the  mucosa  surface 
of  the  gut  makes  its  surface  tension  less  than  on  the  opposite  side.  This 
theory,  Traube  states,  does  not  include  the  solubiUty  of  substances  in 
lipoids  in  the  sense  of  Overton,  but  only  the  influence  which  imdis- 
solved  lipoid  may  exert  upon  surface  tension. 

Torok  (86)  and  Buglia  (86)  put  the  theories  of  Traube  to  an  experi- 
mental test,  adding  to  solutions  (sodiimi  chloride  or  peptone)  subjected 
to  intestinal  absorption  substances  (bile,  bile  salts,  gum  arabic,  etc.) 
which  lower  surface  tension.  The  results,  they  say,  are  not  in  agreement 
with  Traube's  views.  In  no  case  was  an  increased  absorption  demon- 
strated. It  has  long  been,  known  that  bile  is  essential  for  the  absorp- 
tion of  the  products  of  fat  digestion,  and  it  is  of  interest  to  note  that 
as  early  as  1852  Bidder  and  Schmidt  (87)  suggest  that  this  action  is 
associated  with  the  effect  of  bile  upon  capillarity. 

It  may  be  well  to  review  briefly  the  theory  of  Friedenthal  (29),  (88), 
(89)  which  meets  with  the  approval  of  Munk(90).  Friedenthal,  after 
a  full  consideration  of  the  subject,  decides  that  the  processes  of  osmosis 
and  filtration  suflSce  qualitatively  to  explain  the  absorption  from  the 
intestine  of  soluble  constituents.  For  water-insoluble  substances', 
however,  he  maintains  that  there  is  a  type  of  aflSnity  of  the  material 
for  the  cell  protoplasm,  depending  upon  its  solubility  in  the  components 
of  the  cell  structure.  This  conception,  on  the  whole,  is  very  sinular  to 
that  of  Overton  and  of  Hober.  Friedenthal  emphasizes  the  point  that 
water  and  protoplasmic  solubility  are  totally  different.  This  then 
would  explain  how  water-insoluble  substances  such  as  fats,  soaps,  etc., 
may  be  absorbed. 

It  is  evident  that  absorption  from  the  intestine  may  take  place  against 
an  osmotic  pressure  gradient.  Otherwise  stated,  there  is  a  passage  of  a 
fluid  stream  from  a  place  of  higher  to  one  of  lower  osmotic  pressure, 
a  negative  osmosis.  Furthermore,  isotonic  solutions  of  diffusible  salts 
may  be  absorbed.  Both  of  these  facts  have  in  the  past  been  diflftcult 
to  explain,  but  they  have  now  found  their  counterpart  in  purely  physico- 
chemical  systems.  Dutrochet  (1826)  recognized  that  negative  osmosis 
may  occur  under  certain  conditions.  He  found  that  acids  offer  a  mode 
of  action  opposed  to  that  of  alkalis,  namely,  with  an  alkaline  solution 
the  current  of  endosmosis  directed  itself  from  water  toward  the  solution, 
while  with  acid  the  current  flowed  toward  the  water. 

Lazarus-Barlow  (91),  (92)  has  demonstrated  in  membrane '  experi- 
ments that  the  initial  rates  of  osmosis  of  glucose,  sodium  chloride  and 
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urea  in  equimolecular  solutions  are  not  the  same  as  exist  between  their 
final  osmotic  pressures  or  freezing  point  differences.  The  nature  of  the 
membrane,  and  even  the  effect  of  albumen  in  solution,  may  alter  the 
initial  rate  of  osmosis.  As  an  illustration,  with  a  peritoneal  membrane 
osmosis  can  occur  between  isotonic  solutions,  or  there  may  be  an  osmotic 
flow  from  a  solution  having  a  higher  toward  a  solution  having  a  lower 
final  osmotic  pressure.  Barlow  (92)  calculates  that,  from  the  initial 
rates  of  osmosis,  a  physiological  saline  is  really  of  a  concentration  of 
1.6  per  cent.  Therefore,  according  to  his  observations,  if  osmosis  is  an 
occurrence  in  the  organism,  one  would  expect  to  get  a  passage  from 
hypertonic  solutions  of  diffusible  salts.  Moore,  Roaf  and  Webster 
(93)  also  arrive  at  the  conclusion  that  substances  in  physiological 
systems  will  always  pass  against  an  osmotic  pressure  gradient,  not  be- 
cause of  the  membrane  impermeability,  but  for  the  reason  that  the 
cell  colloids  possess  an  affinity  for  crystalloids. 

Negative  osmosis  or,  in  fact,  an  osmotic  stream  in  any  direction,  may 
be  related  to  a  presence  of  electric  potential  in  that  direction,  or  elec- 
tro-osmosis. Engelmann  (94)  and  others  have  shown  that  the  secretory 
activity  of  glands  is  accompanied  by  electromotor  phenomena,  whil' 
Rosenthal  (95)  discovered  an  ingoing  electrical  current  in  the  stomach 
mucosa  of  frogs  and  rabbits.  Reid  (9),  (96)  considered  and  tested  the 
occurrence  of  electrical  potential  changes  during  absorption  through 
frog's  skin  and  rejects  the  idea  that  it  has  any  relation  to  the  process, 
for  he  finds  that  both  secreting  and  absorbing  membranes  have  an  elec- 
trical stream  in  the  same  direction.  In  addition,  Reid  was  unable 
to  increase  the  rapidity  of  fluid  transfer  from  the  outer  to  the  inner 
surfaces  of  frog's  skin  by  connecting  a  conductor  on  the  two  sides 
and  arranging  the  current  so  that  the  amount  flowing  in  the  skin  against 
the  direction  of  absorption  was  reduced.  This  worker  further  main- 
tains that  in  order  that  the  electrical  stream  be  effective,  there  must  be 
a  greater  "porosity"  in  one  direction. 

Hober  (97)  and  Oker-Blom  (98)  believe  that  an  absorbing  membrane 
is  the  seat  of  electro-motor  activity,  which  may  be  an  effective  mechan- 
ism in  the  absorptive  process.  The  electrical  current  has  its  source  in 
any  difference  of  potential  on  the  two  sides  of  the  colloidal  membrane. 
Such  a  state  can  be  established  by  an  unequal  diffusion  of  electroposi- 
tive or  negative  ions.  If,  for  instance,  a  membrane  is  permeable  to 
positive  ions  of  an  electrolyte  and  relatively  impermeable  for  the  nega- 
tive ions,  then  there  will  exist  a  great  degree  of  electrical  potential 
difference  between  the  two  sides.    This  condition  results  in  a  cataphoretic 
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electrical  dififusion  stream  in  the  direction  of  the  current  flow.  It  is 
thus  apt)arent  how  even  the  direction  of  a  dififusion  flow  may  be  altered 
by  these  influences. 

Hober  (97)  takes  up  Reid's  objections  to  electro-osmosis  as  a  factor 
in  absorption  and  believes  that  they  can  be  satisfactorily  met  by  the 
conceptions  just  outlined. 

Girard  (99),  (100),  (101)  has  appUed  his  ideas  of  electro-osmosis 
to  the  absorptive  process  in  the  intestine  (101).  It  is  his  belief  that,  in 
the  case  of  electrolytes  at  least,  osmosis  is  essentially  electrostatic, 
and  the  presence  of  hydrogen  or  hydroxyl  ions  may  alter  the  process. 
He  states  thac  in  order  to  explain  the  results  obtained  by  Heidenhain 
and  others,  it  is  only  necessary  to  assimie  that  there  is  in  contact  with 
the  membrane  a  liquid  with  ions  active  from  the  point  of  view  of  electri- 
fication of  contact  (as  conceived  by  Perrin) .  These  ions  are  adsorbed  by 
the  membrane  and  change  its  sign.  If,  now,  the  Uquid  on  the  opposite 
side  of  the  membrane  possess  the  reverse  charge,  there  is  a  difference 
of  potential  sufficient  to  polarize  the  membrane,  resulting  in  a  force 
determining  the  passage  and  direction  of  the  osmotic  stream.  We  have 
in  these  researches,  tentative  explanations  of  the  negative  osmosis  and 
absorption  of  isotonic  solutions  from  the  intestinal  tract. 

Oker-Blom  (98),  (102),  after  a  critical  survey  of  the  subject,  accepts 
osmosis  as  a  qualitative  explanation  of  the  mechanism  of  intestinal 
absorption.  In  addition,  he  formulates  a  hypothesis  in  which  the 
substances  absorbed — ^in  some  instances  by  conversion  into  non- 
dififusible  products — can  exert  their  osmotic  attraction  upon  the  absorp- 
tion of  other  constituents  in  the  intestine.  Thus,  a  solution  of  appar- 
ently higher  osmotic  pressure  than  the  blood  may  be  absorbed.  Star- 
ling (103)  strongly  favors  the  view  that  the  cells  of  the  intestine  actively 
intervene  in  the  process  of  absorption.  However,  he  states  that  the 
osmotic  pressure  of  the  non-diffusible  colloids  of  the  blood  may  exert 
an  osmotic  attraction  sufficient  to  account  for  the  uptake  of  isotonic 
solutions  from  the  gut. 

CRITIQUB  OP  THE  FOREGOING  INVESTIGATIONS 

The  experimental  work  bearing  upon  the  subject  at  hand  has  been 
presented  above  and  the  hypotheses  arising  therefrom  are  set  down. 
The  reader  of  this  r^sum^,  therefore,  has  before  him  a  basis  for  formu- 
lating his  own  judgment  of  the  relative  merits  of  these  different  views. 
However,  it  is  not  outside  the  task  of  a  reviewer  to  take  upon  himself 
this  function.    Hence  an  attempt  will  be  made  to  present  a  short. 


Digitized  by 


Google 


442  SAMUEL  GOLDSCHMIDT 

critical  analysis  of  the  subject  of  the  mechanism  of  intestinal  absorption 
based  upon  a  full  consideration  of  the  experimental  work  and  suggested 
theories. 

In  this  presentation  it  is  assimied  that  absorption  from  the  entire 
length  of  the  intestinal  tract  involves  a  similar  mechanism.  A  review 
of  the  investigations  designed  to  test,  or  incidentally  bearing  upon,  the 
absorption  of  fluids  and  dissolved  substances  at  various  points  of  the 
small  intestine  and  the  colon,  justifies  the  conclusion  that  the  differ- 
ences are  quantitative  rather  than  quaUtative  (104  to  114,  inc.). 

At  the  start  it  may  be  pointed  out  that  a  few  facts  have  found  con- 
firmation by  many  observers,  namely: 

1.  Water  and  certain  dissolved  substances,  in  the  intestine,  are 
absorbed  from  hypertonic  solutions — as  indicated  by  the  A.  Under 
such  conditions  the  solute  is  absorbed  in  concentrated  solution.  The 
more  closely  the  A  of  the  intestinal  contents  approaches  that  of  the 
blood,  the  greater  is  the  concentration  of  the  absorbed  solute,  while 
the  fluid  passage  rapidly  decreases. 

2.  Solutions  of  a  suflScient  degree  of  hypertonicity  draw  fluid  into  the 
gut. 

3.  Both  solvent  and  solute  pass  from  hjrpotonic  solutions. 

a.  Below  about  0.6  per  cent  concentration  of  sodium  chloride  in 
the  intestine  the  salt  is  absorbed  in  very  dilute  solution;  water  passes 
more  quickly  than  the  solute. 

6.  At  a  concentration  of  sodiimi  chloride  of  approximately  0.6  per 
cent,  or  at  a  point  in  close  agreement  with  the  blood  content  of  this  salt, 
the  solvent  and  the  solute  are  absorbed  at  the  same  rate.  Therefore 
the  strength  of  the  intestinal  fluid  suffers  Uttle  change. 

4.  Salt  solutions,  capable  of  exerting  an  osmotic  pressure,  but  which 
are  not,  or  to  but  a  slight  extent  absorbed  (i.e.,  sodium  or  magnesium 
sulphate),  come  into  osmotic  equilibriimi  with  the  blood,  regardless 
of  their  initial  concentration.  The  non-diffusible  salt  makes  up  the 
total  osmotic  pressing  of  the  intestinal  solution. 

a.  It  is  stated  repeatedly  in  the  Uteratm^  that,  similarly,  glucose 
solutions  of  all  concentrations  come  into  osmotic  equilibriimi  with  the 
blood.  The  writer  beUeves  that  this  statement  must  be  made  with 
reservation,  since  the  evidence  that  glucose  alone  exerts  the  osmotic 
pressure  in  the  gut  imder  such  conditions,  is  not  entirely  consistent. 

5.  Blood  constituents  pass  into  the  intestinal  contents  in  but  small 
amount  under  ordinary  conditions. 
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There  are  other  observations  touchmg  upon  this  question  of  the  intes- 
tinal absorptive  mechanism,  which  are  either  in  dispute  or  their  rdle 
is  undetermined.    These  may  be  stated  in  the  form  of  interrogations,* 
as  follows: 

1.  Does  the  blood  in  its  composition,  distribution,  or  by  the  physical 
forces  which  it  exerts  as  a  fluid  stream,  have  an  influence  upon  the 
absorptive  process?    Is  the  mechanism  purely  local? 

2.  Is  the  intestinal  wall  a  strictly  irreciprocal  membrane;  that  is, 
do  dissolved  materials  pass  in  but  one  direction? 

a.  Is  the  fluid  which  passes  into  hypertonic  solutions  of  the  saline 
cathartics,  or  other  salts,  a  secretion,  a  true  osmotic  fluid  flow,  or  the 
result  of  an  injury  to  the  intestinal  epithelium? 

b.  Are  the  blood  constituents  found  in  the  intestinal  test  solutions, 
secretions  of  the  cells?  Can  the  osmotic  concentration  of  the  gut 
fluids  exert  an  influence  upon  the  passage  of  these  substances,  or 
may  they  also  be  the  result  of  an  injury  to  the  intestinal  mucosa? 

3.  Is  intra-intestinal  pressure  a  factor  in  the  absorptive  process? 

4.  Does  the  intestinal  wall  present  the  properties  of  other  colloidal 
protoplasmic  membranes? 

a.  May  its  permeability  be  altered,  aside  from  the  production  of 
an  injury  to  the  cells? 

5.  Do  the  solubility  relations  between  the  intestinal  wall  and  the 
substance  in  contact  with  it  play  a  r61e  in  absorption? 

6.  Are  the  factors  of  imbibition,  surface  tension  and  electro-osmosis 
active  agents  in  the  intestinal  mechanism? 

7.  Is  the  process  purely  physical  or  entirely  a  function  of  the  Uving 
intestinal  epithelial  cells,  or  a  combination  of  both? 

The  first  question  has  already  been  partially  discussed  in  the  intro- 
duction above,  and  evidence  presented  which  indicates  that  altera- 
tions in  the  amount  of  blood  flowing  through  the  intestinal  vessels, 
in  a  imit  of  time,  can  affect  the  rate  of  absorption  in  the  normal  organ- 
ism. It  is  of  interest  in  this  connection  that  Marriott  (115)  has  found 
that  in  certain  types  of  marasmus,  the  so-called  athrepsia,  there  is  a 
diminished  blood  volume  with  a  concomitant  decrease  in  voliuneflow 
(116)  of  the  circulating  fluid.  These  conditions  are  suggested  as  a 
causative  agent  in  the  impairment  of  the  absorptive  function  of  the 
gastro-intestinal  tract  in  this  disease. 

Although  Reid  (6),  (7),  (8),  (9)  admits  the  facts  just  stated,  he  (56) 
and  (less  emphatically)  Cohnheim  (48),  (49),  do  not  concede  that  the 
osmotic  pressure  of  the  blood  may  influence  the  absorptive  process. 
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Reid  bases  this  conviction  upon  his  failure  to  get  an  increased  fluid 
absorption  from  glucose  solutions  in  the  gut,  when  the  sodium  chloride 
'concentration  of  the  blood  is  raised  by  infusion.  On  the  other  hand, 
he  observed  in  these  experiments  that  there  is  a  decreased  sugar  absorp- 
tion. These  results,  so  far  as  they  go,  have  been  confirmed  by  Gk)ld- 
schmidt  and  Dayton  (74).  D'Errico  (117)  has  also  reported  that  in 
whatever  fashion  the  molecular  concentration  of  the  blood  is  altered, 
that  is,  increased  or  diminished,  tap  water  introduced  directly  into  the 
intestine  is  immediately  absorbed,  and  in  either  case  there  is  a  lowering 
of  the  molecular  concentration  and  electrical  conductivity  of  the 
blood  serum.  Starling  (103),  (62)  states  the  proposition  thus:  "But 
in  every  case  absorption  by  the  alimentary  surface  is  a  question 
of  the  local  conditions  rather  than  of  the  needs  of  the  organism  as  a 
whole."  In  explanation  he  proceeds  to  say  that  only  in  extreme  cases 
of  hydraemic  plethora  can  the  process  of  intestinal  absorption  be  influ- 
enced, never  in  the  normal  animal.  This  is  imdoubtedly  true,  if  it  is 
meant  thereby  that  in  a  normal  organism  all  the  products  of  digestion 
are  absorbed  as  they  are  presented  to  the  intestinal  mucosa.  The 
need  of  the  body  for  a  particular  product  is  probably  not  a  determining 
factor.  We  know,  also,  that  the  intestine  does  not  discriminate  in 
passing  into  the  blood  substances  which  may  or  cannot  be  assimilated 
by  the  body  (118). 

These  limitations  granted,  it  must  be  pointed  out  that  there  is 
evidence  that  the  molecular  composition  of  the  blood  must  exert  some 
influence  upon  absorption  from  the  gut,  both  in  the  normal  and  abnor- 
mal state.  First,  as  has  been  indicated  above,  it  has  been  repeatedly 
shown  that  certain  solutions  in  the  intestine,  whether  hypertonic  or 
hypotonic,  come  into  osmotic  equilibriimi  with  the  blood.  It  may  be 
tentatively  stated  that  this  is  a  law  of  intestinal  absorption.  Fmiiher- 
more,  sodiimi  chloride  solutions,  in  isolated  loops,  adjust  themselves 
in  a  partial  pressing  equilibriimi  with  the  chlorides  of  the  blood  (74). 
Gk)ldschmidt  and  Dayton  (74)  have  shown  that  increase  of  blood  chlo- 
rides, either  spontaneously  or  by  infusion,  affects  this  equiUbrium  level. 
It  cannot  alter  our  case  to  say  that  the  intestinal  cell  is  the  intermedi- 
ary factor,  for  the  fact  remains  that  the  blood  is  the  ultimate  cause. 
It  would  seem,  then,  that  the  milieu  of  the  organism  is  not  to  be  con- 
sidered entirely  passive  in  this  process. 

It  is  certain  that  imder  normal  experimental  conditions  large  amounts 
of  blood  constituents  do  not  pass  into  fluids  in  the  intestine.  It  is  of 
importance  to  consider  this  point  for  it  involves  fundamentally  the 
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question  whether  osmosis  is  a  consideration  and  whether  the  intestine 
is  a  strictly  one-way  membrane.  That  chlorides,  carbonates  and  some 
nitrogenous  bodies,  if  only  in  small  amount,  do  pass  into  the  intestine 
is  evidenced  by  the  findings  of  many  investigators.  Gumilewski  (45) 
considered  that  the  chlorides  which  he  foimd  in  distilled  water  in  the 
gut  represented  a  secretion  from  the  cells.  Reid,  on  the  other  hand, 
maintains  that  the  passage  of  chlorides  into  the  intestine  imder  such 
experimental  conditions  is  the  result  of  an  injury  by  the  distilled  water. 
Goldschmidt  and  Dayton  (74)  found  that  chlorides  pass  into  distilled 
water  in  the  colon  in  amoimts  which  have  been  considered  to  be  the  - 
normal  cellular  secretion  by  previous  investigators.  However,  they 
observed  that  when  the  concentration  of  chlorides  reached  a  certain 
point  (0.16  per  cent)  a  re-absorption  began.  Physiologically  there  is 
no  evidence  of  injury;  the  colon  behaves  toward*  sodium  chloride 
solutions,  after  having  been  exposed  to  distilled  water,  as  before. 
If  the  distilled  water  is  repeatedly  removed  large  amounts  of  chlorides 
may  be  withdrawn  from  the  organism  in  this  manner.  If  this  phe- 
nomenon is  to  be  ascribed  to  cell  secretion  it  is  an  interesting  fact 
that  the  absorptive  power  of  the  intestine  serves  to  keep  the  mass  of 
the  secreted  chlorides  at  a  fixed  low  level.  Goldschmidt  and  Dayton 
further  show  that  the  point  at  which  re-absorption  surpasses  the  passage 
of  chlorides  into  distilled  water  in  the  gut  is  raised  when  the  chloride 
content  of  the  blood  is  increased  by  infusion.  It  may  be  ai^ed,  also, 
that  the  extra  chlorides  found  in  this  instance  merely  represent  a  secre- 
tion greater  than  the  normal  amount.  D'Errico  (117)  states  that 
intravascular  injection  of  hypertonic  sodium  chloride  causes  a  secretion 
of  the  intestinal  tract  of  higher  molecular  concentration  than  the  normal 
secretion.  However,  he  notes  that  introduction  of  water  hinders  the 
secretion  and  that  absorption  isf  also  reduced  for  a  time. 

There  is  still  another  link  in  the  evidence:  Goldschmidt  and  Dayton 
noted  that  when  sodiimi  chloride  solutions  of  a  concentration  of  0.6 
to  1.0  per  cent  are  placed  in  the  colon,  the  solute  rapidly  adjusts  itself 
to  an  equilibrium  with  the  blood  chlorides.  But  the  A  of  the  solution 
is  greater  than  can  be  accounted  for  by  the  chloride  content  alone. 
All  the  facts,  which  cannot  be  discussed  here,  point  to  the  passage  of 
other  substances  from  the  blood  into  the  intestinal  solution  at  this  time, 
in  an  attempt  to  adjust  the  total  osmotic  pressure  of  the  fluid  in  the 
intestine  to  that  of  the  blood.  Diena  (119)  has  observed  precisely 
the  same  behavior,  and  has  identified  some  of  the  blood  constituents 
present.    Priestly  (120)  found  that  when  large  amounts  of  water  are 
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drunk  by  man  the  electrical  conductivity  of  the  blood  serum  is  dimin- 
ished. He  ascribes  this  occurrence  to  a  passage  of  blood  salts  into  the 
intestinal  contents.  Several  investigators  have  noted  increased  salt 
output  in  the  feces  accompanying  catharsis  (121),  (122),  (123).  Frey 
(124),  (125)  arrives  at  the  conviction,  on  excellent  evidence,  that  the 
chlorides  found  in  glucose  solutions  in  the  small  intestine  owe  their 
presence  to  an  osmotic  equilibriimi  adjustment  between  the  blood  and 
the  intestinal  contents.  He  finds  that  more  chlorides  pass  into  hypo- 
tonic than  into  hypertonic  solutions  of  glucose  in  the  gut.  TTiis 
investigator  believes  that  the  presence  of  a  cell  injury  is  excluded  in 
his  experiments.  Frey  and  also  Cobet  (126)  find  that  the  upper  and 
lower  portions  of  the  small  intestine  differ  in  their  capacity  to  "secret" 
chlorides  as  well  as  to  absorb  solutions. 

It  may  be  added  in  passing  that  Goldschmidt  and  Dayton  (74)  believe 
that  the  diffusion  of  blood  constituents  into  intestinal  solutions  is  a 
function  of  the  osmotic  pressure  of  the  gut  contents,  and  is  also  depend- 
ent upon  whether  or  not  this  osmotic  pressing  is  due  to  diffusible 
or  non-diffusible  substances.  An  isotonic  solution  of  a  non-diffusible 
salt  (i.e.,  sodiimi  sulphate)  permanently  inhibits  the  passage  of 
chlorides  from  the  blood  into  the  colon.  If  the  sulphate  injured 
the  colon  cells,  according  to  Reid,  more  chlorides  should  be  found 
in  the  fluid  than  normally.  If  secretion  of  the  cells  were  respon- 
sible for  the  chlorides  in  intestinal  fluids  imder  other  conditions,  we 
should  expect  to  find  the  so-called  ** normal  amount"  here  also;  such 
is  not  the  case.  In  view  of  the  evidence  presented,  the  conclusion  is 
warranted  that  the  intestinal  membrane  is  not  irreciprocal  but  may 
allow  salts  to  pass  in  either  direction. 

It  would  scarcely  seem  necessary  to  discuss  whether  the  statement 
just  made  also  applies  to  fluids.  It  is  a'lmiversal  experimental  finding 
that  hypertonic  solutions  of  suflScient  concentration  call  forth  a  Uquid 
stream  into  intestinal  loops  of  experimental  animals  (126  to  134,  inc.). 
The  larger  nimiber  of  these  experiments  deal  with  the  mechanism  of 
the  action  of  cathartic  salts,  but  for  the  purpose  of  this  discussion  we 
shall  deal  only  with  the  general  problem.  The  point  at  issue  is  whether 
this  fluid  stream  represents  an  active  secretion,  a  piu-e  osmotic  flow^ 
or  whether  it  is  the  result  of  an  injury. 

Goldschmidt  and  Dayton  (74)  noted  that  diffusion  of  fluid  from  the 
blood  does  not  begin  until  the  concentration  of  sodiimi  chloride  in  the 
colon  is  above  1.2  per  cent.  If  the  osmotic  pressure  of  the  blood  is 
increased  by  sodium  chloride  infusion  the  concentration  of  chlorides  in 
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the  gut,  which  is  necssary  to  draw  fluid  from  the  body,  is  still  higher 
than  normally.  Hay  (128,  p.  243)  found  that  if  means  were  taken  to 
limit  the  intake  of  water  in  an  animal,  administration  of  sodium  sul- 
phate results  in  a  failure  of  catharsis.  Furthermore,  this  observer  (128, 
p.  391)  determined  that  saline  purgation  with  strong  solutions  causes  a 
blood  concemtration.  It  would  appear,  therefore,  that  the  fluid  stream 
into  the  gut  bears  a  definite  relation  to  the  relative  osmotic  pressures 
of  the  gut  contents  and  the  blood.  In  addition  there  is  no  doubt  that 
the  source  of  the  fluid  is  the  blood.  These  facts  are  prima  facie  evidence 
that  we  are  dealing  with  a  true  osmotic  flow. 

Further  proof  of  the  nature  of  this  process  is  found  in  the  work  of  Brodie 
(135),  (136)  and  his  collaborators.  Their  experiments  have  shown  that 
there  is  an  increased  oxygen  consumption  and  blood  flow,  above  that  of 
the  normal  resting  state,  in  the  small  intestine  when  sodium  chloride, 
distilled  water  and  Witte's  peptone  are  absorbed.  On  the  other  hand, 
when  hypertonic  magnesium  sulphate  is  present  in  the  intestine,  such  in- 
crease of  oxygen  consumption  does  not  occur.  The  statement  is  made 
that  this  result  would  appear  to  favor  the  view  that  the  transport  of 
water  into  the  magnesiiim  sulphate  is  due  to  physico-chemical  causes 
rather  than  to  active  secretion. 

It  will  be  noted  that  in  Brodie's  experiments  distilled  water  caused 
an  increased  oxygen  consumption,  while  hypertonic  magnesium  sul- 
phate did  not.  It  has  been  alleged  that  both  injure  the  intestine. 
If  so,  from  these  results  we  must  assume  that  the  injuries  are  of  a  differ- 
ent nature.  Many  observers  have  claimed  that  strongly  hypertonic 
solutions  of  salts,  especially  the  saline  cathartics,  cause  changes  in  the 
intestinal  mucosa  (137),  (138),  (139).  Heidenhain  (43)  states  that 
there  must  be  a  limit  to  the  concentration  of  salt  which  the  epithelial 
elements  of  the  intestine  will  stand  without  injury.  Nevertheless,  he 
admits  (140)  that  the  secretion  caused  by  hypertonic  salt  solutions  in 
colon  loops  is  due  to  an  endosmotic  capillary  transudate  and  not  to  a 
glandular  secretion.  Furthermore,  the  colon  glandular  cells  exhibit 
no  anatomical  alterations  from  such  an  osmotic  stream. 

If  the  intestinal  wall  possesses  some  of  the  properties  of  a  diffusion 
membrane — and  such  a  conclusion  seems  warranted — it  might  be 
expected  to  exhibit  the  variabilities  of  behavior  which  are  so  character-, 
istic  of  colloidal  systems.  It  is  well  known  that  protoplasmic  colloids 
are  in  a  markedly  delicate  state  of  equilibrium,  which  is  especially  sensi- 
tive to  and  altered  by  electrolytes  and  the  presence  of  Jiydroxyl  and 
hydrogen  ions.    This  being  the  case,  it  is  not  difficult  to  understand  that 
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the  permeability  of  colloidal  membranes  may  be  easily  affected  by 
changes  in  their  environment.  The  result  is  evidenced  by  an  increased^ 
decreased,  or  total  change  in  the  membrane  behavior. 

In  a  colloidal  system,  moreover,  surface  tension  phenomena  are  very 
active  and  may  indeed  be  the  cause  of  the  changes  mentioned  in  the 
preceding  paragraph.  Therefore,  the  possibility  of  such  fdctors  exert- 
ing an  influence  in  the  mechanism  must  be  considered. 

Aside  from  surface  actions  the  character  of  the  diffusion  process  may 
be  altered  by  differences  of  electrolyte  environment  on  the  two  sides 
of  the  membrane.  The  charge  conferred  by  such  a  state  upon  opposite 
surfaces  of  a  membrane  is  of  importance  in  the  mechanism  of  electo- 
osmosis  and  electrical  cataphoresis.  This  phenomenon  is  especially  cap- 
able of  demonstration  in  the  intestine,  but  must  be  accompanied  by 
a  more  exact  knowledge  of  the  relative  speed  of  the  passage  of  ions  and 
molecules  through  the  gut  wall. 

That  the  speed  of  diffusion  of  substances  may  be  altered  in  the  enteric 
tract  has  been  mentioned  above  in  regard  to  solutions  of  mixtures  of 
sodium  sulphate  and  sodium  chloride.  Goldschmidt  and  Binger  (75) 
have  noted  that  when  increasing  amounts  of  calcium  lactate  are  added 
to  a  constant  concentration  of  sodium  chloride,  the  diffusion  rate  of  the 
latter  salt  is  first  increased  and  then  diminished.  A  consideration  of 
the  experimental  findings  in  tiieir  investigation  led  Goldschmidt  and 
Binger  to  the  opinion  that  the  effect  is  due  to  changes  in  meinbrane 
permeability. 

Analogies  to  this  action  can  be  found  in  the  literature.  Cohnheim  (48) 
observed  that  quinine  retards  water  absorption  from  solutions  in  the 
intestine.  Reid  (9),  (56)  noted  that  the  presence  of  sodium  chloride 
in  glucose  solution  favored  the  uptake  of  the  glucose  from  the  gut,  which 
action  he  designates  as  a  "  chemical  excitation. "  Many  observers  have 
noted  that  the  presence  of  one  salt  may  affect  the  absorption  of  another 
in  the  intestine  (141  to  144,  inc.).  It  is  interesting  that  apparently 
sodium  chloride  facilitates  the  intestinal  absorption  of  proteins,  pep- 
tones and  gelatine  (42),  (145),  (146).  There  is,  in  addition,  an  isolated 
observation  which  indicates  that  the  permeability  of  the  gut  may  be 
influenced  from  the  side  of  the  blood.  Fisher  and  Moore  (147)  find 
that  in  many  experimental  conditions  in  which  sugar  appears  in  the 
urine,  none  is  demonstrable  in  the  enteric  tract.  However,  if  sodium 
chloride  is  injected  intravenously  during  the  hyperglycemia,  sugar  is 
excreted  into  the  small  intestine.  This  action  is  attributed  to  an  alter- 
ation in  the  permeability  of  the  intestinal  mucous  membrane. 
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It  is  evident  that  the  intestinal  mechanism  is  not  wholly  irresponsive 
to  physico-chemical  forces  the  exact  nature  of  which  are,  to  be  sure, 
obscure,  but  which  are  supposedly  associated  with  its  colloidal 
structure. 

To  conclude,  in  answer  to  the  last  question  formulated  above,  it 
must  be  apparent,  from  the  evidence  presented,  that  the  mechanism  of 
intestinal  absorption  is  qualitatively  explained  by  the  known  laws  of 
osmosis.  The  researches  of  Traube,  Girard,  Perrin  and  others  demon- 
strate that  the  van't  Hoflf  theory  of  osmotic  pressure  is  inadequate  to 
explain  all  the  phenomena  which  may  be  attributed  to  osmosis.  Phjrs- 
ico-chemical  investigations  planned  upon  this  basis  are  now  bringing 
to  light  new  facts  which  show  a  closer  agreement  between  purely  phys- 
ical systems  and  body  membranes.  It  would  seem  that  eventually 
the  information  thus  obtained  will  be  of  great  aid  in  elucidating  such 
questions  as  the  one  under  discussion  in  this  paper.  In  this  connection 
Loeb  (148)  has  recently  obtained  results  of  inestimable  value.  He 
shows  that  the  diffusion  of  water  through  a  membrane  is  dependent  for 
its  direction  and  rate  of  migration  upon  a  charge  conferred  upon,  the 
water  molecules  by  the  membrane.  This,  in  turn,  is  a  function  of  the 
chemical  nature  of  the  membrane  as  well  as  of  the  valency,  the  con- 
centration, and  the  sign  of  the  charge  of  the  ions  in  contact  with  it. 

Of  the  many  investigators  who  have  considered  the  subject,  Hoppe- 
Seyler,  Reid,  and  perhaps  Cohnheim,  have  alone  insisted  upon  a  purely 
'*  vital "  interpretation.  That  factors  other  than  osmotic  may  be  active 
in  modifying  the  process  has  been  indicated.  All  the  evidence  points 
to  their  physico-chemical  nature,  and  much  useful  research  may  still 
be  expended  before  one  need  seek  refuge  in  that  last  resort,  ''vital  cell 
activity. " 
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TESTS  OF  MUSCULAR  EFFICIENCY 

E.  G.  MARTIN 

From  the  Laboratory  of  Physiology  in  Stanford  University 

Tests  for  muscular  efficiency  have  been  made  with  two  general  types 
of  apparatus,  a,  the  ergograph,  6,  the  dynamometer.  The  former,  as 
is  well  known,  determines  the  performance  of  successive  muscular  con- 
tractions and  attempts  to  form  conclusions  as  to  muscular  ability  from 
the  nature  of  this  performance.  The  latter,  on  the  other  hand,  esti- 
mates the  force  of  single  maximal  contractions  arid  uses  the  figures 
thus  obtained  as  bases  for  conclusions  as  to  muscular  power. 

The  ergograph.  During  the  twenty  years  succeeding  Mosso's  in- 
vention of  the  ergograph,  about  1884  (1),  numerous  investigators  car- 
ried on  studies  with  the  apparatus,  and  the  important  conclusions 
which  have  been  derived  as  the  result  of  this  method  of  experimenta- 
tion date  mostly  in  a  period  preceding  1905,  and  therefore  scarcely  faU 
within  the  scope  of  this  paper.  They  may  be  smnmarized  briefly  into 
the  statements  that  voluntary  muscular  power  as  determined  by  ergo- 
graphic  studies  shows  diurnal  variation,  usually  with  maximal  power  in 
mid  morning  and  a  second  maximum  later  in  the  day,  but  with  the 
exact  time  of  the  maxima  varying  with  different  observers  (2),  (3), 
(13);  some  indication  of  impairment  of  power  following  physical  work, 
(4),  (5);  also  some  indication  that  muscular  power  is  impaired  as  the 
result  of  mental  fatigue  (6),  (7);  that  muscular  power  is  affected  by 
conditions  of  excitement  (8),  (9),  (10),  (11);  that  endurance  bears 
among  children  a  definite  relationship  to  intelligence  as  indicated  by 
class  standing  in  school  (12),  (5);  that  the  endurance  of  boys  is  greater 
than  of  girls  of  all  ages,  the  difference  being  especially  striking  during 
adolescence  (5);  that  exercise,  rest,  food,  and  increased  atmospheric 
pressure  increase  endurance,  while  general  and  local  fatigue,  himger, 
low  atmospheric  pressure,  high  temperature  accompanied  by  high  hu- 
midity, and  tobacco  diminish  endurance  (2).  Harley  (13)  agrees  with 
Lombard  as  to  the  effects  of  tobacco,  although  expressing  the  opinion 
that  moderate  smoking  has  only  a  slight  influence.  Hough  (14),  in 
a  limited  series  of  experiments,  failed  to  corroborate  the  finding  of 
Lombard  that  smoking  hastens  ergographic  fatigue. 
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In  recent  years  the  ergograph  appears  to  have  been  utilized  as  an, 
instrument  of  investigation  by  only  a  few  workers.  Lombard  (15) 
in  1915  repeated  upon  himself  ergographie  studies  made  twenty-five 
years  earlier,  and  obtained  in  these  recent  experiments  substantially 
the  same  results  as  he  had  gotten  formerly.  His  diurnal  curve  of  mus- 
cular power  corresponded  to  his  earlier  finding  with  maxima  between 
9  and  10  o'clock  in  the  morning  and  about  the  same  time  in  the  evening 
and  with  minima  at  about  4  to  5  o'clock  in  the  morning  and  at  the  same 
time  in  the  afternoon.  He  found  as  formerly  that  heavy  smoking  de- 
creased his  endurance,  while  training  definitely  increased  it.  Ryan  and 
Agnew  (16)  reported  in  1917  a  new  form  of  ergograph  based  upon  the 
principle  of  Fick's  cosine  lever  according  to  which  the  weight  decreases 
as  the  muscle  shortens,  an  arrangement  which,  according  to  these 
authors,  affords  a  much  truer  picture  of  physiological  muscular  endur- 
ance than  is  presented  by  ergographs  of  the  Mosso  type.  Their  report 
of  their  findings  with  this  type  of  ergograph  is  very  brief.  They  men- 
tion, however,  that  in  their  experience  there  were  wide  variations  in 
muscle  power.  They  report  also  that  the  subjective  sensations  ac- 
companying the  use  of  the  apparatus  are  less  unpleasant  with  their 
type  of  ergograph  than  with  Mbsso's.  Ryan  and  Agnew  adopted  as 
their  criterion  of  muscle  power  the  product  of  the  tension  by  the  time 
during  which  it  is  exerted,  maintaining  that  the  time  factor  must  be 
included  if  a  just  estimate  of  muscular  effort  is  to  be  obtained.  They 
find  that  the  tension-time  product  increases  as  the  work  done  according 
to  the  Mosso  criterion  decreases.  These  authors  have  not  yet  published 
their  complete  report,  presumably  on  account  of  the  interruption  af- 
forded by  the  war. 

The  dynamometer.  Turning  from  estimations  of  muscular  power  by 
means  of  the  ergograph  to  those  in  which  dynamometers  have  been 
used,  we  may  summarize  again  briefly  the  situation  previous  to  1914. 
Various  forms  of  dynamometers  have  been  devised  by  investigators 
according  to  the  particular  problem  in  mind.  The  most  familiar  early 
types  were  for  determining  the  strength  of  the  grip,  the  grip  dynamo- 
meter of  Collin  or  the  later  improved  form  of  Smedley  (17)  being  in- 
cluded in  the  equipment  of  most  physiological  laboratories  as  well  as 
nearly  all  gymna,3iums.  Other  forms  of  dynamometers  are  those  for 
back,  legs  and  chest  designed  by  Tieman  (18),  and  another  form  by 
Upham  (18),  and  the  Universal  Dynamometer  of  Kellogg  (19). 

As  is  to  be  expected,  early  interest  in  the  use  of  dynamometers  was 
chiefly  on  the  part  of  physical  trainers,  who  realized  the  necessity  for 
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objective  criteria  of  the  results  of  their  prescriptions  of  exercise.  Every 
physical  trainer  is  confronted  with  the  responsibiUty  of  deciding  upon 
the  kind  and  amount  of  exercise  to  be  prescribed  to  the  persons  under 
his  charge.  He  must  also  form  conclusions  as  to  the  effectiveness  of 
his  prescriptions.  As  Hastings  (18)  points  out,  there  was  during  the 
decade  beginning  about  1890  a  chfwige  in  the  point  of  view  of  physical 
training  which  operated  to  modify  the  attitude  of  physical  trainers 
toward  physical  measurements  of  all  sorts.  For  the  quarter  of  a  cen- 
tury preceding  1890  the  object  of  phyacal  training  was  '*  developmental", 
with  the  avowed  purpose  of  inducing  muscular  enlargement;  large  bi- 
ceps and  robust  calves  were  emphasized  as  prime  desiderata.  In  the 
years  shortly  preceding  the  end  of  the  last  century  a  saner  point  of 
view  prevailed;  gymnastic  training  came  to  be  recognized  as  of  hygienic 
rather  than  developmental  importance.  With  this  change  in  viewp(Hnt 
there  was  so  marked  a  reaction  against  specific  tests  of  strength  that 
they  fell  widely  into  disuse.  Valuable  information  which  could  have 
been  afforded  failed  to  be  obtained  because  of  an  attitude  toward  phyw- 
cal  measurements  not  justified  by  the  facts. 

While  dynamometer  tests  were  discredited  by  many  physical  trainers 
as  without  importance  as  aids  to  the  prescription  of  exercise,  they  con- 
tinued to  be  used  in  connection  with  "intercollegiate  strength  tests" 
for  the  purpose  of  selecting  the  strongest  men  in  the  various  collie 
gymnasiums  year  by  year.  During  this  same  period  educators  became 
interested  in  strength  tests  as  possible  aids  in  the  physical  and  mental 
classification  of  school  children.  Among  investigations  of  this  class 
may  be  mentioned  the  findings  of  Carman  (21)  and  Smedley  (5)  that 
among  school  children  greater  strength  of  grip  is  associated  with  higher 
intelligence;  of  Dawson  (22)  that  juvenile  delinquents  are  on  the  aver- 
age less  strong  than  normal  children  of  the  same  age;  of  Hrdlicka  (23) 
that  colored  children  have  a  stronger  grip  than  white.  Various  authors, 
among  them  Schuyten  (24),  Binet  and  Vaschide  (25),  Engelsperger 
and  Ziegler  (26)  point  out  the  significance  of  subjective  influences  in 
affecting  the  results  of  dynamometer  tests  and  the  importance  of  elim- 
inating these  or  taking  them  into  account. 

Kellogg  (20)  in  the  late  eighties  and  early  nineties  emi^asized  the 
importance  of  exercise  as  a  therapeutic  measure  in  the  treatment  of 
certain  classes  of  invalids  and  found  himself  in  the  same  situation  as 
other  prescribers  of  exercise,  namely,  needing  an  accurate  measure  of 
the  strength  of  the  muscles  which  he  proposed  to  exercise  as  well  as  a 
guide  to  the  results  of  the  prescribed  exercise.    He  accordingly  designed 
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a  "Universal  Dynamometer"  of  which  he  made  extensive  use,  publish- 
ing a  series  of  findings  in  1896.  Kellogg's  method  allowed  the  testing 
of  nine  muscle  groups  of  each  of  the  upper  extremities,  eight  of  each  of 
the  lower,  four  of  the  trunk  and  four  of  the  neck.  He  made  some  com- 
parisons of  strength  as  between  men  and  women,  and  some  observations 
on  the  differences  in  relative  distribution  of  muscular  strength  in  the 
two  sexes.  In  principle  Kellogg's  method  consists  of  applying  pressure 
to  a  piston  by  which  a  column  of  mercury  is  raised,  the  height  of  the 
column  determining  the  degree  of  pressure.  The  practical  difficulty 
confronting  the  use  of  this,  as  of  all  dynamometers  which  have  to  be 
fixed  in  position,  is  that  of  avoiding  errors  due  to  changes  in  leverage 
through  sUght  alterations  in  position  of  the  subject. 

THE  RESISTANCE   STRENGTH  TEST 

Historical.    During  the  year  1914  a  severe  epidemic  of  infantile 
paralysis  prevailed  in  the  State  of  Vermont.    The  Vermont  State 
Board  of  Health  found  itself  confronted  with  the  task  of  rehabilitating 
the  surviving  sufferers  from  the  disease  and  in  pursuance  of  its  problem 
inaugurated  an  elaborate  study  from  the  standpoint  of  orthopedic 
surgery  of  the  after-effects  of  the  infection.    Very  early  in  the  course 
of  this  study  the  need  of  a  reUable  criterion  of  the  degree  of  musculai 
impairment  became  manifest  and  it  was  clear  that  such  a  criterion 
could  be  appUed  only  by  a  comparison  with  unimpaired  muscles.    A 
system  of  testing  the  strength  was  therefore  called  for,  and  Martin 
undertook  early  in  1915  the  development  of  a  method  appUcable  to 
sufferers  from  infantile  paralysis.    The  conditions  to  be  met  were  re- 
liabihty,  applicabiUty  to  young  children,  and  reasonable  simpUcity  of 
operation.    Some  form  of  dynamometer  test  was  obviously  required. 
Almost  from  the  beginning   of  the  experimentation  it  was  clear  that  a 
fixed  dynamometer  of  the  Kellogg  type  would  be  unsatisfactory  be- 
cause of  the  dif&culty  of  adjusting  and  maintaining  young  children  in 
proper  position.    A  dynamometer  which  could  be  shifted  to  meet  al- 
terations of  position  of  the  subject  was  desirable.    This  need  was  met 
by  using  an  ordinary  flat  face  spring  balance  for  the  dynamometer 
which  could  be  held  in  the  hands  of  the  experimenter  and  adjusted 
readily  to  bring  it  into  whatever  Une  might  be  required  for  the  taking 
of  a  particular  test.    Coincident  with  the  adoption  of  this  principle 
was  the  adoption  of  a  second  principle  which  differentiates  this  test 
from  other  tests  of  strength  that  have  been  proposed,  namely,  that  the 
part  played  by  the  subject  shall  be  to  resist  a  pull  rather  than  to  exert 
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his  strength  in  an  active  effort.  The  test  measures  the  maximum  re- 
sistance which  the  contracted  muscles  offer  against  stretching.  This 
principle,  which  was  adopted  primarily  with  the  idea  that  it  would 
facilitate  the  eUcitation  of  maximal  effort  on  the  part  of  young  children, 
was  shown  by  continued  experience  to  be  peculiarly  suitable  to  a  dyna- 
mometric  test  of  strength.  Since  the  method  involves  the  holding  of 
the  dynamometer  in  the  hands  of  the  operator  in  connection  with  the 
development  of  tension  by  him,  the  correction  of  the  direction  of  pull 
is  easy  and  therefore  errors  due  to  faulty  lines  of  tension  are  eliminated. 

The  test  was  made  appUcable  to  eleven  muscle-groups  on  each  arm 
and  ten  on  each  leg,  as  indicated  in  table  1.  The  original  scheme  in- 
cluded an  additional  muscle-group  on  the  upper  extremity,  namely, 
the  abductor  of  the  thumb;  the  inclusion  of  this  group  is  desirable  in 
cases  of  infantile  paralysis,  but  on  account  of  its  weakness  in  comparison 
with  most  of  the  other  groups  it  has  not  seemed  worth  while  including 
it  in  general  tests  of  muscular  strength. 

Technique.  The  following  description  of  the  dynamometer  and  of 
the  experimental  technique  is  quoted  in  part  from  Martin  (27)  and  in 
part  from  Lovett  and  Martin  (28)  : 

An  ordinary  spring  balance,  indicating  kilograms  or  pounds  avoirdupois  and 
graduated  decimally,  is  fitted  With  a  strong  handle  attached  to  the  frame  at  the 
upper  eiid,  and  at  the  lower  end  with  a  loop  of  leather  attached  to  the  end  of  the 
"rack"  which  terminates  the  spring.  The  pointed  indicator  forms  part  of  a 
**dog*'  or  slider,  which  is  not  attached  to  the  rack,  but  is  capable  of  moving  with 
slight  friction  up  and  down  the  slot.  A  small  pin  on  the  rack  protrudes  through 
the  slot  and  is  in  contact  with  the  upper  edge  of  the  indicator.  When  the  pull 
on  the  spring  is  exerted,  this  pin  pushes  the  indicator  along  the  slot  to  the  proper 
point;  when  the  pull  is  ended  and  the  tension  on  the  spring  ceases,  the  indicator 
remains  at  this  point  and  its  position  on  the  scale  may  be  read  off  at  leisure. 
After  the  reading  the  indicator  is  pushed  by  the  hand  back  to  zero.  When  in 
use  the  loop  of  leather  is  passed  over  a  selected  point  on  the  limb  in  which  the 
muscle-group  has  its  insertion. 

INSTRUCTIONS   FOR  MAKING  THE  TEST 

General,  The  individual  to  be  tested  is  referred  to  as  the  subject.  The  per- 
sons making  the  test  are,  first,  the  adjuster;  second,  the  operator. 

The  duties  of  the  adjuster  are  to  place  the  loop  in  the  assigned  position  about 
the  arm  or  leg,  support  it  there  with  one  hand,  and,  if  necessary,  support  the 
arm  or  leg  of  the  subject  with  the  other  hand.  He  gives  the  command  **Hold 
back,"  to  mark  the  beginning  of  the  pull,  and  ''Stop,"  to  mark  the  end. 

The  operator  has  the  handle  of  the  balance  in  his  right  hand  and  the  body  of 
the  balance  in  his  left. 
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After  the  loop  is  adjusted  the  adjuster  gives  the  command  *'Hold  back."  At 
this  command  the  subject  contracts  with  all  his  power  the  muscle-group  being 
tested,  and  simultaneously  the  operator  pulls  upon  the  spring  balance.  Tension 
must  be  developed  as  rapidly  as  possible  without  jerking,  and  must  be  increased 
until  the  resistance  of  the  subject  is  actually  overcome.  At  the  command 
"Stop/*  the  pull  is  immediately  discontinued.  The  scale  is  read  at  once  and  the 
reading  is  recorded  by  the  assisting  clerk.  The  sliding  indicator  of  the  scale 
must  always  be  returned  td  the  zero  position  immediately.  Great  care  must  be 
taken  not  to  continue  the  pull  after  the  muscles  have  actually  yielded. 

No  muscle-group  that  is  reported  by  the  subject  to  be  sore  should  be  tested. 
Plantar  flexion.  The  subject  lies  on  his  back  on  a  smooth  table  at  whose 
foot  a  stout  transverse  cleat  about  three  inches  high  is  firmly  fixed  to  serve  as  a 
foot  brace.  He  steadies  himself  by  holding  to  the  edges  of  the  table  with  both 
hands  and  by  pressing  the  heel  of  the  foot  not  being  tested  firmly  against  the 
foot  brace.  The  foot  to  be  tested  is  pressed  with  the  ball  resting  against  a  pad 
which  is  exactly  one-third  of  the  distance  up  an  upright  lever  about  two  feet 
long  whose  fulcnun  is  at  the  level  of  the  table.  A  stout  stick  about  an  inch  and 
a  half  square  makes  an  excellent  lever.  The  adjustment  of  the  lever  must  be 
such  that  with  the  foot  in  maximum  plantar  flexion  the  ball  rests  squarely  upon 
the  pad,  the  lever  itself  making  an  angle  of  about  twenty-five  degrees  beyond 
the  perpendicular.  This  is  the  only  test  in  which  a  lever  is  required.  The 
dynamometer  is  attached  to  the  tip  of  the  lever.  The  pull  is  made  by  the  opera- 
tor from  the  head  of  the  table  with  the  balance  horizontal  and  in  line  with  the 
leg  being  tested,  and  is  increased  in  intensity  to  the  point  where  the  muscular 
resistance  ia  overcome.  To  prevent  slipping  on  the  table,  the  shoulders  of  the 
subject  are  held  by  braces.  The  muscle  gives  at  about  45**  of  plantar  flexion, 
with  a  rather  sharp  break  in  the  resistance  offered  to  the  pull. 

Dorsal  flexion.  The  general  position  of  the  subject  is  the  same.  The  foot 
should  be  flush  with  the  end  of  the  table,  to  give  freedom  of  action  to  the  opera- 
tor in  making  the  pull,  and  should  be  slightly  lifted  and  braced  by  the  hands  of 
the  adjuster,  which  encircle  the  ankle.  The  leather  loop  of  the  dynamometer  is 
placed  across  the  toes  at  their  metatarso-phalangeal  joints.  With  the  foot  in 
maximum  dorsiflexion,  the  operator  makes  the  pull  at  right  angles  to  the  plantar 
surface  of  the  foot,  lowering  the  scale  to  maintain  this  angle  as  the  foot  gives. 
Inversion,  Body  position  of  the  subject  the  same  as  in  dorsal  flexion.  The 
loop  is  across  the  inner  surface  of  the  great  toe  joint.  The  ankle  is  braced  by 
the  hands  of  the  adjuster.  With  the  foot  at  right  angles  to  the  leg,  the  foot  is 
inverted  and  adducted  as  far  as  possible  without  inward  rotation  of  the  leg. 
The  pull  is  opposite  in  direction  to  the  muscular  contraction,  horizontal,  and  in 
the  same  vertical  plane  as  the  foot.  The  operator  swings  the  balance  so  as  to 
maintain  this  relationship  as  the  foot  gives. 

Ever  Hon.  General  position  as  in  dorsl  flexion.  Loop  at  the  outer  surface 
of  the  distal  end  of  the  fifth  metatarsal.  The  foot  is  at  right  angles  to  the  leg 
and  is  everted  -and  abducted  as  far  as  possible  without  outward  rotation  of  the 
leg..  The  pull  is  horizontal  and  in  the  same  vertical  plane  as  the  foot,  with  a 
STving  of  the  balance  to  maintain  this  position. 

Thigh  adductors.  The  position  of  the  subject  is  the  same.  The  adjuster  stands 
at  the  foot  of  the  table;  with  one  hand  he  places  the  loop  in  the  hollow  just  above 
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the  malleolus  (an  equally  correct  index  is  to  have  the  strap  just  clear  of  the  top  of 
a  man's  shoe),  seizes  the  subject's  heel  with  the  other  hand,  lifts  the  leg  until 
the  heel  is  just  high  enough  to  clear  the  toes  of  the  other  foot,  and  then  draws  the 
leg  into  extreme  adduction.  The  foot  of  the  leg  to  be  tested  must  be  kept  ver- 
tical. The  operator  stands  at  the  side  of  the  table  and  develops  tension  at  the 
word  Qf  command.  The  command  ''Stop"  should  be  given  as  soon  as  the  leg 
has  been  drawn  into  line  with  the  axis  of* the  body. 

Thigh  abductors.  The  positions  of  the  subject  and  of  the  adjuster  are  the 
same  as  in  the  test  with  the  adductors.  The  loop  is  adjusted  as  for  the  adductors, 
but  the  direction  of  the  pull  is  opposite  to  that  used  for  those  muscles.  The  leg 
to  be  tested  is  drawn  out  beyond  the  mid-line  of  the  body  to  fifteen  degrees,  and 
the  effort  of  the  subject  at  the  command  "Hold  back"  is  to  prevent  the  operator 
from  drawing  the  leg  into  line  with  the  body.  The  command  "Stop"  is  given 
just  as  the  leg  reaches  the  mid-line. 

Hip  extension.  The  subject  lies  on  the  side  opposite  to  that  to  be  tested, 
with  the  hips  directly  one  above  the  other.  The  abdomen  is  braced  firmly  in 
position,  and  the  subject  pushes  against  the  foot  brace  with  the  foot  of  the  leg 
not  being  tested,  to  secure  steadiness.  The  trunk  is  braced  forward,  by  the 
subject,  by  holding  to  the  edge  of  the  table  with  the  hands.  The  adjuster  assists 
in  maintaining  the  position  of  the  abdomen  with  one  hand,  and  with  the  other 
supports  the  weight  of  the  leg  to  be  tested,  and  keeps  the  leg  parallel  to  the 
table.  The  loop  is  at  the  knee  across  the  popliteal  space.  The  leg  is  placed  in 
maximum  extension  with  the  knee  straight.  The  direction  of  pull  of  the  bal- 
ance is  slightly  less  than  90*^  to  the  leg,  being  deflected  towards  the  trunk,  and  is 
exerted  horizontally.  The  angle  of  the  pull  must  be  constant  throughout  the 
movement.  The  adjuster  signals  as  the  leg  crosses  the  line  of  the  trunk,  or  if 
the  muscle  gives  before  this,  the  reading  is  taken  when  the  muscle  yields. 

Hip  flexion.  Side  position  and  foot  brace,  as  for  hip  extension.  The  small  of 
the  back  is  braced.  The  subject  maintains  the  rigidity  of  the  trunk  by  pushing 
with  the  hands  against  a  support  in  front  of  him.  The  adjuster  supports  the  leg 
parallel  to  the  table,  with  one  hand  at  the  knee  and  the  other  at  the  ankle.  The 
loop  is  at  the  knee  just  above  the  patella.  The  knee  is  well  bent,  and  the  thigh 
is  flexed  above  the  right  angle.  The  pull  is  horizontal  and  as  near  as  possible  at 
right  angles  to  the  femur. 

Knee  extension.  The  subject  lies  prone  on  the  table  with  the  lower  leg  flexed 
at  the  knee  to  the  vertical  position.  The  loop  is  at  the  ankle  just  proximal  to  the 
malleoli.  The  operator  stands  at  the  head  of  the  subject,  bracing  the  shoulder 
with  one  hand.  The  pull  is  horizontal,  and  parallel  to  the  median  plane.  The 
adjuster  braces  the  knee  on  the  table  with  one  hand,  and  with  the  other  at  the 
ankle  limits  the  extension.  The  movement  begins  from  the  perpendicular  posi- 
tion, and  the  effort  of  the  subject  to  extend  the  leg  and  the  pull  of  the  operator 
must  start  simultaneously  at  the  command  of  the  adjuster.  Both  pulls  should 
begin  slowly,  and  it  is  essential  that  the  muscle  pull  and  the  pull  of  the  spring 
balance  should  develop  together  in  this  test.  The  leg  is  not  permitted  to  extend 
from  the  perpendicular  position  beyond  25''.  Greater  extension  than  this  changes 
the  leverage  so  much  as  to  produce  inaccuracy.  The  pull  of  the  operator  con- 
tinues imtil  the  knee  is  drawn  back  to  the  original  position.  The  quadriceps 
'  test  is  one  of  the  most  accurate  of  all  the  tests,  but  also  the  most  liable  to  error 
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if  over-extension  is  peimitted,  before  the  balance  pull  begins  to  draw  the  leg  back 
to  the  vertical  position. 

Knee  flexion.  General  body  position  of  the  subject  and  brace  by  the  adjuster 
the  same.  Ankle  loop  reversed  in  direction  and  the  operator  at  the  foot  of  the 
table.  The  subject  places  the  leg  in  maximum  flexion.  The  pull  is  horizontal 
and  rotation  of  the  hip  should  be  minimized.  The  adjuster  calls  ''Stop"  as  the 
lower  leg  crosses  the  perpendicular  position. 

Pectorals,  The  subject  stands  at  attention,  with  the  middle  of  his  back 
pressed  firmly  against  an  upright  post,  and  with  the  hand  of  the  arm  that  is  not 
being  tested  grasping  a  handhold.  The  arm  to  be  tested  is  allowed  to  be  limp 
in  the  hands  of  the  adjuster  until  the  command  "Hold  back,'*  with  which  com- 
mand the  pectoral  muscles  are  contracted  as  strongly  as  possible.  The  adjuster 
stands  directly  in  front  of  the  subject,  facing  him,  and  places  the  loop  of  the 
balance  about  the  arm  to  be  tested  just  above  the  elbow.  With  one  hand  he  holds 
the  loop  in  its  position,  and  with  the  other  hand  grasps  lightly  the  subject's 
hand  or  wrist.  The  adjuster,  keeping  the  subject's  arm  straight,  draws  it  across 
the  subject's  body  as  far  as  possible,  keeping  it  as  close  to  the  body  as  can  be  done 
and  still  give  clearance  for  the  loop.  At  the  command  "Hold  back,"  the  sub- 
ject's effort  is  to  hold  the  arm  from  being  drawn  backward  and  downward  from 
this  position.  The  operator  holds  the  spring  balance  in  a  line  downward  and 
backward  from  the  subject's  elbow  in  such  a  position  that  the  arm  as  drawn  back 
will  just  clear  the  subject's  body.  At  the  command  "Hold  back,"  the  operator 
develops  sufficient  tension  to  draw  the  arm  down  to  the  side  of  the  body.  The 
command  "Stop"  must  be  given  and  the  pulling  discontinued  before  the  arm 
has  been  drawn  beyond  the  vertical  line. 

Latissimus  dorsi.  The  subject  stands,  as  above,  except  that  he  faces  the 
post.  The  fist  is  closed,  and  with  the  dorsum  of  the  hand  towards  the  back, 
the  arm  is  drawn  as  far  as  possible,  across,  behind  the  body,  just  clearing  the 
trunk.  The  pull  is  horizontal  and  outward  anteriorly  at  an  angle  of  30°  to  the 
lateral  plane. 

Anterior  deltoid.  Position  of  the  subject  as  in  pectoral  test.  The  opposite 
hand  holds  to  any  support  which  does  not  elevate  the  shoulders.  The  arm  being 
tested  is  raised  to  the  level  of  the  shoulder,  and  brought  forward  to  an  angle  30** 
from  the  lateral  plane  of  the  trunk.  The  pull  is  backward  and  downward,  estab- 
lishing an  angle  of  60°  with  the  upper  arm,  and  maintains  this  angle  as  the  arm 
gives. 

Posterior  deltoids.  The  subject  stands  as  above.  The  arm  is  raised  to  the 
level  of  the  shoulder  posteriorly  at  an  angle  of  30°  to  the  lateral  plane  of  the 
trunk.  The  pull  is  forward  and  downward,  establishing  an  angle  of  60°  with 
the  upper  arm,  and  maintains  this  angle  as  the  arm  gives. 

Forearm  extension.  The  subject  lies  on  the  back,  with  the  arm  at  the  side, 
and  the  forearm  perpendicular  to  the  table,  against  which  the  elbow  rests.  The 
hand  is  closed  with  the  thumb  pointing  to  the  shoulder.  The  loop  is  at  the 
wrist  just  proximal  to  the  styloid  process  of  the  ulna.  The  operator  stands  at 
the  head  of  the  table.  The  adjuster  stands  at  the  side  and  braces  the  elbow  on 
the  table  with  one  hand,  with  the  other  at  the  wrist  limiting  the  extension  of  the 
forearm.  The  pull  is  horizontal.  At  the  command  of  the  adjuster,  the  exten- 
sion of  the  forearm  and  the  pull  of  the  operator  start  together  slowly.    Exten- 
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sion  is  permitted  for  from  5®  to  15°  from  the  perpendicular,  and  is  overcome  by 
the  pull  of  the  operator.  The  command  ''Stop"  is  given  just  a»  the  forearm 
crosses  the  vertical  line. 

Forearm  flexion.  The  subject  lies  on  his  back  with  his  heels  pressed  firmly 
against  the  cleat  at  the  end  of  the  table.  The  adjuster  stands  at  the  subject's 
left  for  both  flexors.  His  right  hand  holds  the  subject's  elbow  to  the  table. 
His  left  hand  brings  the  subject's  forearm  into  a  position  of  flexion  about  15° 
toward  the  shoulder  from  the  vertical,  and  adjusts  the  loop  about  the  wrist  so 
that  its  upper  edge  is  at  the  crease  in  the  skin  at  the  base  of  the  hand.  The 
operator  stands  at  the  foot  of  the  table  and  exerts  tension  at  the  word  of  com- 
mand. The  command  ''Stop"  should  be  given  when  the  forearm  reaches  the 
vertical. 

Wrist  extension.  The  subject  stands  beside  an  upright  post  with  his  arm 
flexed  so  as  to  bring  the  forearm  horizontal,  and  the  front  of  the  fore&rm  against 
the  post.  With  the  palmar  surface  of  the  hand  vertical  and  the  fingers  extended, 
the  wrist  is  put  in  maximum  extension.  The  adjuster  encircles  the  wrist  with 
his  hand,  bracing  the  subject's  arm  in  position.  The  loop  is  across  the  dorsum 
of  the  hand,  just  distal  to  the  metacarpals.  The  pull  is  exerted  horizontally 
and  at  an  angle  slightly  less  than  90°  to  the  hand,  being  deflected  towards  the 
wrist.  The  angle  of  pull  must  be  constant,  and  to  secure  this  the  operator  swings 
the  balance  through  an  arc  as  the  hand  gives.  The  accuracy  of  the  reading  de- 
pends absolutely  upon  maintaining  the  direction  of  the  pull  and  upon  the  cor- 
rect placing  of  the  loop,  both  of  which  are  most  importnt  in  this  and  the  three 
following  tests. 

Wrist  flexion.  Position  of  the  subject  as  above  except  that  the  back  of  the 
forearm  is  against  the  post,  with  the  arm  projecting  to  the  ulnar  process.  A 
folded  handkerchief  or  towel  may  be  interposed  between  the  forearm  and  the 
upright.  The  adjuster  stands  directly  in  front  of  the  subject's  palm.  With 
one  hand  he  holds  the  subject's  wrist  against  the  upright,  and  with  the  other 
adjusts  and  holds  the  loop.  The  loop  is  placed  so  that  its  middle  is  directly  over 
the  crease  at  the  base  of  the  fingers.  Keeping  the  fingers  straight,  the  subject's 
hand  is  flexed  fully  at  the  wrist.  The  operator  pulls  at  an  angle  just  less  than 
90°  from  the  plane  of  the  subject's  hand.  At  the  command  "Hold  back,"  the 
subject  holds  the  wrist  in  extreme  flexion.  The  conmiand  "Stop"  must  be 
given  as  soon  as  the  hand  begins  to  yield. 

Finger  extension.  The  subject  extends  the  arm  as  for  wrist  extension.  The 
palm  of  the  hand  well  below  the  palmar  crease  is  braced  by  the  adjuster  against 
the  upright.  The  leather  loop  is  replaced  by  a  smaller  one  of  cloth,  which  is 
placed  across  the  fingers  dorsally,  just  proximal  to  the  first  interphalangeal  joint. 
The  pull  is  horizontal,  and  at  an  angle  slightly  less  than  90°  to  the  extended 
fingers  and  deflects  towards  the  wrist. 

Finger  flexion.  The  position  of  the  subject  and  brace  by  the  adjuster  are  the 
same.  The  small  loop  is  placed  across  the-  fingers  on  the  palmar  surface,  just 
proximal  to  the  first  interphalangeal  joint.  The  dorsal  surface  of  the  hand  is 
vertical  against  the  upright.  The  pull  is  horizontal  and  slightly  less  than  90° 
to  the  proximal  phalanges.    The  deflection  is  towards  the  dorsimi  of  the  hand. 

Thumb  adduction.  With  the  palmar  surface  down  and  the  hand  horizontal, 
the  adjuster  braces  the  extended  fingers  with  one  hand  and  the  wrist  with  the 
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other.  The  small  loop  is  pjaced  at  the  interphalangeal  joint  of  the  thumb. 
The  subject  adducts  the  thumb  as  far  as  possible  under  the  palm.  The  pull  is 
horizontal  and  at  right  angles  to  the  thumb  joint.  The  call  "Stop"  is  made  by 
the  adjuster  just  as  the  thumb  appears  from  the  hand. 

Thumb  abduction.  General  position  of  the  hand  and  brace  by  the  adjuster 
the  same  as  for  the  preceding  test.  The  subject  adducts  the  thumb  in  the  same 
horizontal  place  as  the  hand.  The  position  of  the  small  loop  is  identical  with  that 
of  adduction,  but  reversed  in  direction.  The  pull  deflects  downward  from  the 
horizontal  just  enough  to  escape  the  palmar  surface  of  the  hand.  It  is  exerted 
at  right  angles  to  the  thumb. 

Results.  Some  results  of  the  application  of  this  method  to  cases  of 
infantile  paralysis  are  reported  by  Lovett  and  Martin  (29).  They 
show  that  the  test  gives  reliable  indication  as  to  the  degree  of  muscular 
impairment  and  also  show  clearly  the  progress  of  the  affected  muscles 
either  in  the  direction  of  improvement  within  the  limits  set  by  the  dis- 
ease or  further  impairment  due  to  bad  conditions. 

The  data  on  muscular  strength  of  children  accumulated  in  the  course 
of  the  development  and  application  of  the  resistance  test  were  analyzed 
by  Martin  (30),  and  the  findings  summarized  under  two  general  heads: 
first y  the  relation  of  strength  to  weight;  under  which  it  appeared  that 
in  children  below  the  age  of  sixteen  the  ratio  of  strength  to  weight  tends 
to  be  constant^  the  value  of  the  constants  being  10  per  cent  smaller  for 
girls  than  for  boys,  the  actual  ratios  being  for  the  two  sexes  eighteen 
and  twenty  respectively.  These  constants  represent  the  ratio  of  the 
summed  strength  of  all  the  muscles  included  in  the  test  to  the  weight. 
Since  the  whole  musculature  is  not  included,  the  muscles  of  the  trunk 
and  neck  and  the  rotators  of  the  forearm  being  omitted,  it  is  obvious 
that  it  has  only  an  empirical  significance;  second,  the  distribution  of 
strength  among  the  muscles.  Martin  found  that  children  fall  into 
three  age  groups  as  regards  the  percentage  distribution  of  their  strength 
among  the  muscles  included  in  the  test.  The  groups  are  indicated  in 
table  1  together  \\dth  the  figures  for  the  percentage  distribution.  It 
should  be  stated  that  the  averages  for  the  age  groups  as  given  depart 
slightly  from  the  corresponding  averages  for  individual  ages,  but  the 
errors  are  small  and  for  practical  purposes  may  be  neglected.  The 
observations  of  Martin  on  children  have  been  extended  by  Helen  L. 
Williamson  in  this  laboratory  in  an  unpublished  investigation  based 
on  a  small  series  of  strength  tests  carried  out  on  normal  children  from  a 
local  public  school  and  a  series  of  tests  on  495  children  made  under  the 
auspices  of  the  New  York  State  Board  of  Health  in  connection  with 
the  1916  epidemic  of  infantile  paralysis  in  that  State.    In  this  investi- 
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gation  Williamson  found  that  the  ratios  of  strength  to  weight  for  the 
two  sexes  as  reported  by  Martin  (30)  hold  for  the  normal  school  children 
examined  by  her.  A  slightly  lower  ratio  was  fomid  in  the  New  York 
series  but  not  greater  than  is  probably  accounted  for  by  the  recent  in- 

TABLEl 
Average  percentage  distribtUion  of  strength  among  the  muedes 


AQB 

3-7 

ft-12 

13-18 

Adult 
males 

Adult 
females 

Feet: 

Plantar  flexion 

7.75 
3.20 
2.21 
2.28 

1.65 
1.47 
2.91 
3.41 

3.04 
1.73 

2.40 
1.59 
2.06 
1.49 

1.76 
2.54 

1.33 
2.32 

0.77 
2.77 

1.42 

8.82 
3.00 
2.14 
2.07 

1.55 
1.43 
2.92 
3.24 

3.20 
1.67 

2.26 
1.65 
2.11 
1.50 

1.66 
2.47 

1.24 
2.07 

0.74 
2.84 

1.42 

9.20 
2.86 
2.07 
2.20 

1.63 
1.42 
2.77 
3.07 

3.15 
1.64 

2.19 
1.73 
2.05 
1.50 

1.57 
2.68 

1.32 
2.06 

0.77 
2.78 

1.34 

10.00 
2.85 
1.90 
1.80 

1.50 
1.40 
3.70 
3.20 

3.30 
1.75 

2.35 
1.70 
2.10 
1.40 

1.50 
2.25 

1.05 
1.35 

0.65 
2.95 

1.30 

10.00 

Dorsal  flexion 

2.90 

Inversion 

1.95 

Eversion 

1.90 

Hips: 

Adduction 

1.70 

Abduction 

1.45 

Extension 

3.40 

.  Flexion 

2.70 

Knees: 

Extension 

3.15 

Flexion 

1.30 

Shoulders: 

Pectoralis 

2.10 

Latissimus  dorsi 

1.65 

Anterior  deltoid 

2.45 

Posterior  deltoid 

1.80 

Forearms: 

Extension 

1.30 

Flexion 

1.85 

Wrists: 

Extension 

1.30 

Flexion 

1.90 

Fingers: 

Extension ...,.,   ... 

0.65 

Flexion 

3.20 

Thumbs: 

Adduction ! 

1.35 

cidence  of  the  disease  in  those  cases.  It  is  to  be  understood  that  no 
muscles  actually  affected  were  included  in  calculations  of  total  strength 
in  any  case.  Williamson  found  in  her  more  extended  series  a  percent- 
age distribution  of  strength  among  the  muscles  of  the  test  closely  cor- 
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responding  with  that  previously  reported  by  Martin.  Some  variation 
was  found  in  the  case  of  a  few  muscles,  however,  so  to  secure  the  highest 
possible  reUability  the  two  sets  of  data  were  combined  by  WilUamson, 
giving  the  values  for  children  set  down  in  table  1. 

The  studies  of  muscular  strength  were  extended  to  adult  males  by 
Martin  and  Rich  (31)  and  to  adult  females  by  Mosher  and  Martin  (32). 
These  studies  showed  in  the  first  place  that  the  correlation  between 
strength  and  weight  which  is  so  marked  in  children  is  largely  absent 
in  adults.  A  suggested  explanation  for  this  difference  is  that  the  neuro- 
muscular adjustments  which  determine  the  exhibition  of  volitional 
muscular  power  in  any  muscle-group  are  dependent  chiefly  if  not  wholly 
upon  the  habitual  demands  to  which  the  group  in  question  is  subjected. 
In  the  case  of  children  the  dominant  factor  is  the  weight  of  the  part  in 
which  the  muscle  group  has  insertion.  In  adults,  on  the  other  hand, 
weight  of  bodily  parts  ceases  to  be  the  dominant  factor  in  determining 
muscular  strength,  since  in  the  course  of  occupational  activities  all 
sorts  of  weights  have  to  be  handled  or  strains  developed  beyond  those 
set  by  the  extremities  alone.  The  recent  studies  of  Martin  (27)  indi- 
cate quite  clearly  that  in  men  doing  routine  heavy  manual  labor  there 
is  a  definite  adjustment  of  the  strength  to  the  demands  upon  it.  The 
adjustment  is  expressed  in  the  statement  that  there  is  a  ''standard 
strength"  for  every  job.  (See  below  p.  470.)  Among  adult  females  a 
similarly  close  relationiship  of  strength  to  the  physical  demands  of  the 
occupation  has  not  been  demonstrated.  In  fact,  the  most  striking 
feature  of  the  strength  of  adult  women  appears  to  be  its  correlation 
with  mental  alertness -rather  than  with  muscular  development.  As 
evidence  supporting  this  view  we  have  the  fact  that  the  average  strength 
of  forty-five  college  women  as  determined  by  Mosher  and  Martin  was 
approximately  50  per  cent  greater  than  the  average  of  one  hundred 
sixteen  woman  factory  workers  reported  by  Martin,  the  averages  being 
1360  kilograms  and  910  kilograms  respectively,  notwithstanding  the 
fact  that  the  factory  workers  were  most  of  them,  if  not  all,  performing 
heavier  manual  labor  daily  than  any  of  the  college  women.  Further- 
more, Martin  foimd  that  female  clerks  and  other  operatives  whose 
tasks  required  mental  alertness  showed  regularly  greater  strength  than 
operatives  whose  work  was  purely  mechanical,  even  though  the  latter 
was  in  many  cases  decidedly  laborious  (see  below  p.  469). 

The  percentage  distribution  of  strength  among  the  muscles  was  found 
by  Martin  and  Rich  and  by  Mosher  and  Martin  to  differ  somewhat  in 
men  and  in  women  and  in  both  cases  to  vary  from  the  distribution  as 


Digitized  by 


Google 


466  E.   G.  MARTIN 

found  in  children.    The  average  figures  as  found  by  these  workers 
are  set  down  in  table  1. 

The  short  test.  The  full  test  as  above  outlined  is  time  consuming, 
requiring  from  a  half-hour  to  an  hour  for  satisfactory  carrying  out. 
Even  so,  as  has  been  already  stated,  it  is  by  no  means  comprehensive 
of  the  entire  musculature.  It  includes,  however,  a  sufficient  proportion 
of  the  musculature  to  constitute  undoubtedly  a  reUable  "random  sam- 
ple.'' For  every  purpose,  therefore,  save  the  single  one  of  determining 
the  actual  entire  muscular  strength,  it  is  adequate.  It  makes  no  at- 
tempt, of  course  to  fulfill  the  latter  purpose,  as  is  clear  from  the  fact 
that  in  many  of  the  tests  the  point  of  application  of  the  loop  of  the 
dynamometer  does  not  correspond  closely  with  the  point  at  which 
force  is  applied  in  the  ordinary  use  of  the  muscles.  To  cite  a  single 
example:  in  the  testing  of  forearm  flexion  and  extension  the  loop  is  ap- 
plied about  the  wrist,  whereas  in  practically  all  uses  of  the  arm  the 
application  of  strength  is  somewhere  in  the  hand.  For  the  purposes 
of  the  test  it  is  essential  that  reUable  landmarks  be  adopted,  this  being 
a  much  more  important  matter  than  the  duplication  of  the  points  of 
pressure  used  in  ordinary  muscular  action.  Granting  that  the  com- 
plete test  constitutes  an  adequate  sample  of  the  entire  musculature, 
the  next  step  is  to  find  a  smaller  sample  which  will  be  adequate  for 
practical  purposes,  even  through  lacking  somewhat  in  the  exactness  of 
the  more  complete  test.  Martin  and  Rich  imdertook  the  selection  of 
a  smaller  sample.  Their  method  was  to  correlate  in  a  large  series  of 
tests  the  strength  showings  of  individual  muscles  with  the  entire  strength 
to  see  which  individual  groups  would  correlate  most  closely.  They 
found  ten  pairs  of  muscle-groups  in  which  the  correlation  of  each  with 
the  total  strength  is  above  0.80,  the  probable  error  not  exceeding  ± 
0.032.  (Martin  and  Rich,  loc.  cit.,  p.  32.)  Obviously  the  abbreviated 
test  will  be  most  reUable,  if  selected  from  among  these  ten  pairs.  Since 
for  practical  purposes  it  is  desirable  that  the  abbreviated  test  should 
include  not  more  than  five  pairs  of  muscle-groups,  selection  was  made 
from  among  the  ten  pairs  whose  coefficients  of  correlation  with  total 
strength  were  satisfactory,  the  basis  of  selection  being  relative  ease  of 
testing  or  general  suitableness.  AppUcation  of  this  criterion  fixed  the 
choice  on  the  following  five  groups,  adductors  and  abductors  of  the 
thigh,  pectorals,  forearm  flexors  and  wrist  flexors.  This  latter  group, 
the  wrist  flexors,  is  omitted  from  the  abbreviated  test  as  proposed 
originally  by  Martin  and  Rich  but  in  the  industrial  application  of  the 
test  it  was  thought  advisable  to  include  it  on  account  of  the  importance 
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of  the  muscles  of  the  forearm  in  nearly  all  types  of  manual  labor,  and 
since  it  has  happened  that  the  practical  applications  of  the  method 
have  been  based  almost  wholly  on  the  industrial  test,  the  flexors  of  the 
wrist  are  here  incorporated  as  part  of  the  Standard  Short  Test. 

In  their  original  selection  of  an  abbreviated  test  Martin  and  Rich 
compared  the  coefficients  of  correlation  of  the  short  test  with  the  complete 
test  both  with  the  flexors  of  the  wrist  included  and  with  them  omitted. 
There  was  no  significant  difference  in  the  correlation  coefficient  accord- 
ing to  whether  the  wrist  flexors  were  included  or  omitted,  in  both  cases 
the  figure  being  0.94  zfc  0.01.  The  most  convenient  order  for  testing 
the  muscles  of  the  short  test  is  as  follows: 

1.  Right  pectoral 

2.  Left  pectoral 

3.  Right  wrist  flexors 

4.  Left  wrist  flexors 

5.  Right  forearm  flexors 

6.  Left  forearm  flexors 

7.  Right  thigh  adductdrs 

8.  Left  thigh  abductors 

9.  Right  thigh  abductors 
10.-  Left  thigh  adductors 

Tests  are  made  with  the  subject  fully  dressed. 

The  sum  of  the  strengths  shown  by  the  individual  muscles  tested 
constitutes  in  men  17.7  per  cent  and  in  women  18  per  cent  of  the  entire 
strength  as  found  by  this  system  of  testing.  To  calculate  the  entire 
strength,  therefore,  the  sum  of  the  determined  strengths  must  be  multi- 
plied by  the  reciprocal  of  0.177  or  0.180  (5.65  or  5.55).  The  product  thus 
obtained  is  the  figure  for  the  total  strength  of  the  individual.  If,  for 
any  reason,  any  muscle-group  was  omitted  from  the  test,  its  strength 
may  be  assumed  to  be  the  same  as  that  of  the  corresponding  muscle  on 
the  other  side  in  making  the  calculation  of  the  entire  strength. 

In  connection  with  the  development  of  the  abbreviated  test,  Martin 
and  Rich  made  determinations  on  a  large  number  of  healthy  adult 
males  including  college  students  and  recent  army  recruits.  The  weights 
ranged  from  48  to  98  kgm.,  averaging  66.5  kgm.  The  strength  ranged 
from  910  to  2,640  kgm.,  averaging  in  round  numbers  1,800  kgm.  This 
average,  including  a  number  of  athletic  college  students,  appears  to 
be  fairly  representative  of  a  good  class  of  adult  males,  for  Howe,  Mason 
and  Dinsmore  (33)  obtained  for  a  series  of  about  250  soldiers  at  Camp 
Lewis,  Washington,  an  average  strength  in  round  numbers  of  1,900 
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kgm.,  and  Martin  (27)  found  in  a  group  of  96  industrial  workers  doing 
heavy  manual  labor  an  average  of  1,965  kgm.  On  the  other  hand, 
60  army  recruits  at  Camp  Fremont,  California,  cited  by  Martin  (27) 
from  the  study  of  Martin  and  Rich,  gave  an  average  of  only  1,670  kgm. 
Bertnard  Smith  (34)  obtained  for  the  strength  of  100  normal  men  in 
active  military  service  at  Camp  Dix,  New  Jersey,  an  average  of  1,655 
kgm.,  and  51  miscellaneous  adults  not  engaged  in  heavy  manual  labor 
were  found  by  Martin  to  have  an  average  strength  of  1,595  kgm. 

THE  STRENGTH-WEIGHT  RATIO 

The  individual  tests  on  which  the  above  averages  are  based  show  a 
fairly  wide  range,  strengths  of  presumably  healthy  adult  males  being 
found  as  low  as  910  kgm.,  and  as  high  as  2,830  kgm.  In  large  part 
undoubtedly  these  extremes  can  be  accoimted  for  on  the  basis  of  dif- 
ferences in  weight  of  the  individuals,  it  being  a  familiar  fact  that  small 
men  show  less  strength  than  large.  As  a  means  of  taking  account  of 
the  actual  amount  of  muscle  substance  Martin  and  Rich  (31)  proposed 
the  use  of  the  ratio  of  strength  to  weight  as  in  some  respects  a  better 
criterion  of  muscular.ability  than  strength  by  itself.  Strength-weight 
ratios  show  smaller  range  than  do  actual  strengths,  the  widest  Umits 
thus  far  reported  for  normal  individuals  being  from  19  to  37.  Martin 
in  some  unpublished  data  extends  the  range  from  a  minimum  of  18  to 
a  maximum  of  38.3.  Martin  and  Rich  found  an  average  of  26.6;  and 
Bertnard  Smith  (34)  reports  for  his  normal  subjects  an  average  of  25.6. 
A  series  of  about  200  adult  males  in  industrial  establishments,  studied 
by  Martin,,  gave  an  average  strength-weight  ration  of  25.2. 

The  significance  of  the  strength-wieght  ratio  is  discussed  by  Martin 
and  Rich  (31).  They  point  out  four  possible  factors  which  may  have 
influence  in  accounting  for  differences  in  strength  among  individuals  of 
equal  weight.  These  are:  actual  amount  of  muscle  tissue,  bodily  con- 
figuration, muscle  quaUty,  and  innervation;  by  the  latter  being  meant 
the  extent  to  which  voluntary  effort  is  able  to  involve  the  muscle  tissue 
actually  present.  In  their  discussion  of  these  four  factors  they  point 
out,  with  respect  to  the  first,  that  individuals  who  are  over-weight  on 
account  of  adiposity  will  normally  show  a  low  strength-weight  ratio 
due  to  the  presence  in  their  bodies  of  relatively  less  actual  muscle  tissue 
than  is  present  in  non-adipose  individuals  of  the  same  weight.  There 
are  probably  also  differences  in  skeletal  weight  which  modify  the  amount 
of  muscle  tissue  present.  A  method  of  correcting  for  adipose  tissue 
and  for  weight  of  skeleton  would  be  an  aid  in  the  interpretation  of 
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strength-weight  ratios.  The  factor  of  bodily  configuration  was  examined 
by  Martin  and  Rich  only  as  manifested  in  height.  They  were  unable  to 
find  among  adults  definite  indication  that  height  is  an  important  factor 
in  determining  strength.  In  fact  when  they  grouped  their  subjects  ac- 
cording to  weight  they  found  a  wide  range  of  heights  in  every  weight 
group,  but  no  tendency  for  the  strength  of  the  individuals  to  bear  any 
relationship  to  their  heights,  the  tall  men  of  any  weight  group  averag- 
ing the  same  in  strength  as  the  short  men  in  the  same  group.  To  Mar- 
tin and  Rich  muscle  quahty  and  innervation  appear  to  be  the  chief 
determining  factors  in  the  strength-weight  ratio.  Muscle  quality  is 
for  an  individual  a  virtual  constant.  Innervation  on  the  other  hand  is 
highly  variable,  excitement,  as  has  been  shown  by  various  workers, 
(24),  (25),  (26)  causing  marked  increases  iir  strength.  On  this  account 
tests  should  be  made  in  *'cold  blood'*  so  far  as  possible. 

Strength-weight  ratios  for  women  range  somewhat  smaller  than  for 
men.  Engekperger  and  Ziegler  (26)  noted  the  same  fact,  attributing 
it  to  a  less  abihty  or  inclination  on  the  part  of  women  to  exert  maximal 
strength.  Martin  and  Mosher  (32)  report  an  average  strength-weight 
ratio  in  their  group  of  college  women  of  22.5,  which  compares  favorably 
with  the  average  strength-weight  ratio  in  men.  Among  females  in 
industry,  on  the  other  hand,  a  group  of  144  women,  including  the  116 
cited  in  Martin's  industrial  study,  and  some  additional  cases  observed 
since  that  study  was  made,  give  an  average  strength-weight  ratio  of 
only  15.5.  If  this  group  is  subdivided  into  workers  on  routine  manual 
operations  and  workers  whose  taskis  involve  mental  alertness,  the  aver- 
age strength-weight  ratios  of  the  two  classes  are  found  to  be  15.1  and 
18.2  respectively.  This  difference  according  to  the  nature  of  the  task, 
taken  in  connection  with  the  high  average  strength-weight  ratio  of 
college  women,  brings  out  strikingly  the  superiority  of  the  strength 
showing  accompanying  mental  alertness.  No  corresponding  relation- 
ship has  been  demonstrated  for  men.  The  suggestion  is  that  in  men 
the  exhibition  of  strength  is  so  famihar  an  accompaniment  of  daily 
life  that  they  have  the  nervous  mechanism  for  evoking  it  readily  at 
command,  whereas  in  women  manifestations  of  strength  are  less  matters 
of  routine,  so  that  general  mental  alertness  plays  a  more  important  part. 

APPLICATIONS  OF  THE  RESISTANCE  STRENGTH  TEST 

In  addition  to  its  use  in  the  study  of  the  after-effects  of  infantile 
paralysis,  for  which  it  was  originally  designed  (29),  the  test  has  been 
found  to  be  instructive  in  several  other  fields.    In  the  field  of  industry 
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several  applications  of  strength  tests  are  pointed  out  by  Martin  (27). 
Among  these  is  the  physical  classification  of  employees.  Inasmuch  as 
jobs  involving  manual  work  nearly  always  niake  certain  definite  de- 
mands on  the  strength  of  the  workers,  it  is  obvious  that  classification 
of  the  workers  in  accordance  with  their  strength  may  prove  useful. 
It  is  true  that  intelligent  employment  managers  and  foremeh  usually 
decide  on  the  basis  of  general  observation  whether  individual  candi- 
dates are  physically  equal  to  the  demands  of  jobs  to  which  it  proposed 
to  assign  them,  but  actual  strength  tests  should  be  useful  in  supple- 
menting such  rough  and  ready  judgments.  A  more  important  use  for 
them  appears  in  connection  with  the  determination  of  whether  a  man 
who  has  been  at  a  certain  job  for  a  period  is  actually  measuring  up  to 
its  requirements.  The  finding  previously  -referred  to  that  there  is  a 
"standard  strength'*  for  each  job,  together  with  the  further  observation 
of  Martin  that  operatives  on  jobs  for  which  they  are  physically  not 
suited  develop  a  condition  of  **staleness"  in  which  they  make  a  strength 
showing  definitely  below  that  of  normal  healthy  adults,  offers  a  means 
through  the  strength  test  of  discovering  such  conditions  and  rectifying 
them  before  injury  is  done  to  the  operative. 

A  second  industrial  application  of  the  strength  test  is  found  in  the 
showing  that  physical  condition  as  indicated  by  the  strength  showing 
tends  to  bear  a  definite  relation  to  the  industrial  efficiency  as  expressed 
in  output.  It  appears  that  external  conditions  such  as  temperature, 
possibly  humidity,  light,  dust-laden  air,  and  other  environmental  factors 
may  modify  the  physical  condition  as  determined  by  the  strength  show- 
ing. Opportunity  is  afforded  by  means  of  the  test  to  evaluate  these 
factors  as  well  as  to  form  judgments  as  to  the  success  of  remedial  meas- 
ures adopted. 

The  strength  test  appears  also  to  have  a  certain  value  in  connection 
with  estimations  of  industrial  fatigue.  Satisfactory  criteria  of  fatigue 
are  so  difficult  to  obtain,  that  any  method  which  promises  to  give 
reUable  information  on  the  subject  is  worth  taking  into  account.  The 
industrial  studies  of  Martin  suggest  that  although  the  strength  showing 
is  not  to  be  looked  upon  as  indicating  invariably  the  presence  or  absence 
of  fatigue  in  individuals  on  single  days,  it  is  a  fairly  reliable  index  of 
fatigue  of  groups  or  of  individuals  over  a  long  period,  and  that  where 
conditions  are  present  which  tend  to  cause  entire  groups  of  operatives 
to  experience  fatigue,  the  strength  test  has  utiUty  in  their  discovery  and 
elimination. 
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An  application  of  the-  strength  test  in  medicine  was  developed  by 
Bertnard  Smith  (34)  and  his  co-workers  in  connection  with  the  study 
and  treatment  in  an  army  base  hospital  of  cases  among  soldiers  of  the 
*' effort  syndrome''  symptom  complex  of  Lewis  (35).  Smith  used  the 
strength-weight  ratio  as  the  criterion  of  physical  efficiency  and  found 
definite  relationships  between  this  ratio  and  the  existence  of  symptoms. 
The  findings  are  presented  in  table  2.  In  the  table  are  presented  the 
figures  at  the  beginning  of  and  upon  discharge  from  treatment.    As  is 

TABLE  2 
Comparative  strengths  of  cases  of  effort  syndrome  before  and  after  exercise 


ON  SMTBANCB  TO  WARD 

ON  DI8CHABGE  FBOIC 

WABO 

^! 

Range 

Range  of 

Average 

Range  of 
strength 

Range  of 

Average 

II 

strength 

strength 
weight 

strength 
weight 

strength 
weignt 

strength 
weight 

kgm. 

kgm. 

Symptoms   of   long 

duration: 

1.  Intelligence 

defect 

35 

175-1870 

3.9-24.4 

15.1 

780-2096 

10.7-28.0 

21.5 

2.  Physical    in- 

validism  

110 

344r-1475 

6.7-22.8 

14.8 

883-2061 

15.3-36.3 

24.8 

3.  Unclassified... 

23 

492-1619 

10.8-34.0 

21.0 

1124-1420* 

18.9-36.0 

26.3 

Sjrmptoms  recent: 

1.  After  strain . . 

70 

600-1931 

9.0-26.0 

20.4 

1225^2180 

22.2-37.6 

26.9 

2.  After    infec- 

tionsf 

62 

503-1621 

9.7-28.2 

19.3 

1249-1944 

19.3-31.9 

25.8 

After  rheumatic 

f  evert 

33 

822-1706 

15.3-27.4 

21.3 

966-2105 

18.6-29.8 

25.4 

*  Probably  should  be  2420  (typographical  error?), 
t  Not  including  cases  following  rheumatic  fever, 
t  Not  included  in  cases  of  effort  syndrome. 

clear  from  the  table,  the  strength-weight  ratios  were  markedly  raised 
in  all  cases,  the  averages  at  discharge  in  all  groups  except  that  showing 
intelligence  defect  being  substantially  those  of  normal  adult  males. 
In  addition  to  these  general  comparisons  the  strength  test  was  used  in 
evaluating  the  results  of  the  treatment  during  its  progress,  the  weekly 
improvement  being  definitely  recognizable  together  with  the  achieve- 
ment o?  a  condition  justifying  discharge.  In  his  general  discussion  of 
his  results  (loc.  cit.,  p.  9)  Smith  points  out  the  value  of  well-graded, 
properly  supervised  exercise  in  the  later  treatment  of  infectious  diseases; 
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a  suggestion  which  opens  a  field  of  appUcation  of  the  strength  test  much 
wider  than  the  restricted  field  presented  by  the  "effort  syndrome." 

In  personal  communications  Smith  states  that  a  large  amoimt  of  work 
along  similar  lines  was  carried  on  with  soldiers  suffering  from  various 
forms  of  organic  heart  disease  and  the  strength  test  was  of  value  in 
determining  the  limit  of  exertion  for  these  men  and  in  outlining  work 
for  them  and  as  a  guide  in  maintaining  general  strength;  also  that  ''in 
all  work  in  physical  development  there  is  an  important  psychological 
factor  that  should  be  considered  and  this  factor  can  be  well  managed  by 
the  use  of  a  muscle  strength  test  which  gives  the  gain  in  figures.  These 
give  to  the  patient  a  stimulus  for  the  developmental  work  that  other- 
wise may  become  tiresome.  This  holds  true  of  all  individuals  who  are 
below  par  in  skeletal  strength.''  ''I  am  strongly  advocating  the  use  of 
graduated  exercises  in  convalescence  and  in  both  functional  and  organic 
heart  conditions,  with  the  use  of  the  test  as  a  measure  of  the  improve- 
ment obtained  and  as  a  means  of  maihtaining  a  keener  interest  on  the 
part  of  the  patient."  These  findings  and  suggestions,  which  have  not 
yet  been  pubUshed,  are  here  presented  with  the  permission  of  Doctor 
Smith,  to  whom  my  thanks  are  due. 

Professors  P.  M.  Dawson  and  L.  M.  Moore  and  co-workers  report 
(personal  communications)  that  they  have  found  the  strength  test  of 
value  in  various  types  of  physiological  experimentation  on  human  sub- 
jects.   Their  results  are  to  be  published  in  due  course. 

AN   INDIRECT  CRITEmON   OF  STREKGTH 

A  discussion  of  criteria  of  muscular  efficiency  should  not  be  concluded 
without  brief  reference  to  an  interesting  indirect  method  which  has  had 
some  practical  exploitation,  but  which  apparently  lacks  adequate  veri- 
fication by  comparison  with  direct  strength  tests.  Reference  is  to  the 
estimation  of  the  muscular  strength  by  Pignet's  formula.  In  the  ab- 
sence of  access  to  Pignet's  original  contribution  his  formula  is  cited  from 
Medical  War  Manual,  number  1  (Vedder)  p.  70.  The  formula  is  ex- 
tremely simple.  The  weight  in  kilograms  and  the  chest  measure  at 
expiration  in  centimeters  are  determined  and  added.  This  sum  is  then 
subtracted  from  the  height  in  centimeters;  the  result  is  an  index  number 
whose  size  is  taken  as  an  index  of  phjrsical  efficiency  according  to  the 
following  thhle  cited  from  Medical  War  Manual,  number  1. 
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pignet's  fobmula  fob  estimating  physical  efficiency 

IllDBX     NXTMBSB  EmOIBNCT 

Under  10 Very  strong 

From  10  to  16 Strong 

From  1.6  to  20 Good 

•     From  20  to  26 Fair 

From  25  to  30 Weak 

From  30  to  36 Very  weak 

Above  36 Useless 

MacFarlane  (36)  gives  the  following  information  about  Pignet's 
formula,  without  citing  the  publications  from  which  he  obtained  his 
information.  "Pignet's  formula  is  given  (in  Vedder's  Manual)  ap- 
parently as  of  accepted  value  but  without  comment.  Investigation 
reveals  that  it  was  evolved  by  Major  Pignet,  contemporary  French 
army  surgeon.  Dr.  J.  A.  Blake,  a  British  army  surgeon,  translated 
this  formula  into  British  measurements.  Major  Butza  of  the  Rou- 
manian army  records  the  use  of  this  test  on  816  men  in  different  regi- 
ments and  considers  it  of  incalculable  value.  It  was  in  use  in  the  gar- 
rison at  Bucharest  as  a  method  of  dietermining  the  physical  constitution 
of  the  recruits  and  consequently  their  fitness  for  military  service.  He 
states  that  this  formula  is  an  excellent  one  for  use  in  the  interest  of  the 
men  themselves,  for  the  army  and  for  the  nation.'' 

It  is  obvious  that  before  this  method  of  estimatiilg  physical  efficiency 
can  be  generally  adopted,  its  physiological  basis  must  be  satisfactorily 
determined  and  its  validity  verified  by  comparison  with  direct  strength 
tests. 

summary 

1.  Ergographic  tests  of  muscular  efficiency  have  been  utilized  in  the 
study  of  diurnal  variations  in  endurance,  in  the  effects  of  environmental 
conditions  upon  endurance,  and  in  studies  of  the  relationship  of  endur- 
ance to  inteUigence,  sex,  race,  etc.  An  interesting  contemporary 
feature  of  ergographic  investigation  is  the  development  by  Ryan  and 
Agnew  of  an  ergograph  in  which  the  product  of  the  tension  by  the  time 
is  used  as  the  criterion  of  efficiency. 

2.  Early  dynamometric. tests  of  muscular  efficiency  were  employed 
by  various  classes  of  investigators  for  various  purposes;  among  physical 
trainers  they  were  utilized  as  criteria  of  strength;  among  educators  as 
criteria  of  the  physical  efficiency  of  school  children;  and  in  at  least  one 
instance  (Kellogg)  as  an  aid  to  the  prescription  of  therapeutic  exercise. 

3.  The  resistance  strength  test,  which  differs  from  other  d)mamo- 
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metric  tests  in  that  it  depends  upon  overcoming  the  resistance  of  the 
subject  rather  than  upon  the  exercise  of  active  effort  on  his  part,  was 
developed  primarily  as  an  aid  in  the  after-treatment  of  infantile  paralysis 
and  demonstrated  its  value  in  that  connection.  It  proved  to  have 
certain  advantages  as  a  dynamometric  test  of  efficiency  and  has  been 
utilized  in  various  fields,  among  which  may  be  mentioned  industry 
(the  relation  of  muscular  strength  to  industrial  efficiency),  and  medicine 
(in  connection  with  the  diagnosis  and  treatment  of  *' effort  syndrome"). 
4.  An  indirect  test  of  physical  efficiency  has  been  proposed  in  Pignet's 
formula.  Further  investigation  is  desirable  toward  establishing  the 
validity  of  this  formula. 
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AFFERENT  PATHS  FOR  VISCERAL  REFLEXES 

S.  W.  HANSON 
Anatomical  Department  of  the  Northwestern    University    Medical    School 

Although  the  control  which  the  nervous  system  exerts  over  the  activity 
of  the  viscera  has  furnished  problems  for  numberless  investigations, 
attention  has  been  directed  almost  exclusively  to  the  efferent  side  of  the 
visceral  nervous  system.  Very  Uttle  has  been  done  in  a  systematic  way 
toward  a  study  of  the  afferent  fibers  to  the  viscera,  their  course  through 
the  sympathetic  nervous  system  and  cerebrospinal  nerves,  and  the 
connections  which  they  make  in  the  central  nervous  system.  Visceral 
reflexes  have  been  extensively  investigated  but  as  a  rule  the  sources  of 
the  afferent  impulses  which  are  capable  of  eliciting  these  responses  have 
been  mentioned  only  incidentally.  Probably  the  first  attempt  to  attadk 
this  problem  in  a  systematic  manner  is  that  now  being  made  by  Carlson 
and  Luckhardt  (1)  and  these  investigators  have  had  their  attention 
diverted  to  some  extent  by  a  surprising  numberof  important  observations 
on  the  efferent  side  of  the  visceral  nervous  system. 

In  a  broad  sense  visceral  reflexes  may  be  said  to  include  a,  the 
response  of  smooth  and  cardiac  muscle  and  glandular  tissue  to  stimu- 
lation of  visceral  afferent  fibers;  6,  the  response  of  these  same  effectors 
to  the  stimulation  of  somatic  afferent  fibers;  and  c,  somatic  responses 
initiated  through  irritation  of  the  viscera  or  visceral  nerves.  Of  this 
third  group  we  shall  consider  only  those  which  fall  under  the  general 
head  of  respiratory  reflexes.  Other  skeletal  reflexes  which  may  be  in- 
itiated by  stimulation  of  the  viscera  or  visceral  nerves  have  been  con- 
sidered along  with  the  related  Uterature  in  a  recent  paper  by  Carlson  and 
Luckhardt  (2). 

Lennander's  (3)  idea  that  all  visceral  pain  was  mediated  through  the 
parietal  peritoneum  was  definitely  disproven  by  Neumann  (4),  (5),  (6) 
who  has  also  given  a  good  review  of  the  earlier  Uterature  on  visceral 
sensibility.    The  subject  has  been  rather  extensively  investigated  in 
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recent  years  (7),  (8),  (9),  (10),  (11),  (12),  (13),  (14),  (15),  (16),  (17), 
(18),  (20).  We  now  know  that  afferent  impulses  of  visceral  origin  may 
appear  in  consciousness  as  painful  sensations  and  that  at  least  in  the 
stomach  and  large  intestine  there  is  also  a  crude  form  of  temperature 
sensibility.  But  the  majority  of  the  afferent  impulses  from  the  viscera 
never  rise  into  consciousness  at  all  but  expend  themselves  in  the  pro- 
duction of  reflexes,  some  of  which  will  be  described  in  the  following 
sections  of  this  paper. 

The  most  detailed  and  accurate  study  of  the  distribution  of  sensory 
fibers  from  the  spinal  nerves  through  the  S3nnpathetic  system  is  that  of 
Head  (21)  based  on  a  comparison  of  the  areas  of  referred  pain  in  visceral 
disease.  He  concluded  that  sensory  fibers  from  the  heart  terminated  in 
segments  1,  2  and  3T.  of  the  spinal  cord;  those  from  the  lungs  in  1, 2,  3, 4 
and  5T.;  from  the  stomach  in  6,7,8  and  9T.;  from  the  small  intestine  and 
colon  in  9, 10, 11, 12  T;  from  the  rectmn  in  2,  3  and  4  S.;  from  the  liver, 
7, 8, 9, 10  T.;  from  the  kidney  and  ureter,  10, 11, 12  T.;  from  the  bladder, 
11, 12  T.,  IL  and  2,  3  and  4  S. ;  from  the  prostate  m  10, 11, 12  T.,  and  1, 2 
3  S.;  from  the  testis  and  ovary,  10  T.;  from  the  uterus,  10, 11, 12  T.,  1 L., 
and  2, 3  and  4  S.  As  pointed  out  by  Thorbum(22) ,  Head's  lower  thoracic 
and  upper  lumbar  areas  are  probably  placed  one  segment  too  hic:h.  If 
these  corrections  are  made  Head's  results  fall  in  line  with  what  anatom- 
ical information  we  have  concerning  the  distribution  of  these  fibers. 

Some  of  the  sensory  fibers  entering  the  S3mapathetic  nervous  sjrstem 
from  the  cerebrospinal  nerves  are  of  relatively  large  size  and  their  course 
is  quite  easily  followed  (23),  (24),  (25),  (26).  Contrary  to  what  one 
would  expect  from  Head's  work  Langley  and  Anderson  (27)  were  not 
able  to  trace  any  medullated  sensory  fibers  from  the  sacral  nerves  to  the 
internal  generative  organs.  Ranson  and  Billingsley  (28)  have  studied 
the  distribution  of  these  large  afferent  fibers  in  the  sympathetic  nervous 
system  of  the  cat  and  have  obtained  results  which  are  in  general  agree- 
ment with  those  of  previous  investigators. 

The  largest  numbers  of  these  fibers  enter  the  sympathetic  system 
through  the  seventh  to  the  tenth  white  rami  inclusive.  The  large 
sensory  fibers  from  the  upper  three  white  rami  can  be  traced  upward 
through  the  syinpathethic  trunk  and  stellate  ganglion  to  be  distributed  to 
the  heart  and  Iimgs.  None  are  present  in  the  trunk  in  the  cervical  region 
and  very  few  at  the  level  of  the  fourth  thoracic  vertebra.  Only  a  few  are 
found  in  the  fourth  and  fifth  white  rami.  Those  from  the  sixth  and  lower 
white  rami  run  downward  in  the  smypathetic  trunk  and  through  the 
splanchnic  nerves  to   the  abdominal  viscera.    Similar  large  sensory 
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fibers  are  found  in  the  visceral  branches  of  the  sacral  nerves  for  the  pelvic 
viscera,  and  others  can  be  traced  downward  in  the  vagus  as  far  as  the 
pulmonary  branches.  No  large  myeUnated  fibers  are  found  in  the 
esophageal  plexus  or  in  the  gastric  branches  of  the  vagus  (29). 

Langley  (24)  found  difficulty  in  correlating  the  degree  of  sensitiveness 
•  of  different  parts  of  the  sympathetic  system,  as  evidenced  by  the  ease  with 
which  their  stin^;ulation  would  produce  general  reflexes,  with  the  nimiber 
of  large  myelinated  fibers  they  contained.  We  now  know  that  among 
the  visceral  afferent  fibers  there  are  included  in  addition  to  the  large, 
also  medium  and  small  myelinated  and  many  immyelinated  fibers. 
How  far  the  distribution  of  the  large  myelinated  and  the  other  visceral 
sensory  fibers  correspond  is  a  matter  for  future  investigation.  It  is 
known  however  that  the  afferent  fibers  to  the  stomach  in  the  vagus  are 
for  the  most  part  unmyelinated  and  are  accompanied  by  no  large 
myelinated  fibers. 

Since  1896  when  Dogiel  (30)  described  a  sensory  type  of  sympathetic 
ganglion  cell  there  has  been  a  great  deal  of  confusion  concerning  the 
location  of  the  cells  of  origin  of  the  visceral  afferent  fibers.  Degenera- 
tion experiments  with  the  Marchi  method  lead  Michailow  (31)  to  support 
Dogiel 's  thesis  that  sensory  fibers  arising  from  sympathetic  ganglion 
cells  terminate  in  the  form  of  pericellular  plexuses  about  spinal  ganglion 
cells.  But  to  anyone  familiar  with  the  Marchi  stain  Michailow 's  figures 
are  far  from  convincing.  Some  observations  of  Kuntz  (32)  might  pos- 
sibly be  interpreted  as  favoring  Dogiel's  theory.  But  the  balance  of 
evidence  is  against  it  and  indicates  that  all  visceral  afferent  fibers  have 
their  cells  of  origin  in  the  cerebrospinal  ganglia  (33),  (34),  (35),  (36). 
The  evidence  on  this  point  has  been  presented  in  some  detail  by  Ranson 
and  Billingsley  (37). 

The  afferent  fibers  of  the  vagus,  the  location  of  their  cells  of  origin  and 
their  peripheral  distribution  have  recently  been  studied  by  a  munber  of 
investigators  (38),  (39),  (40),  (41),  (42),  (29).  These  fibers,  which  are 
distributed  to  the  thoracic  viscera,  the  stomach  and  perhaps  to  some  of 
the  other  abdominal  organs  have  their  cells  of  origin  in  the  nodose 
ganglion.  On  entering  the  brain  stem  they  run  in  the  tractus  solitarius 
and  terminate  in  the  nucleus  associated  with  that  tract.  From  cells  in 
the  nucleus  of  the  tractus  solitarius  fibers  arise  which  ascend  and  descend 
in  the  reticular  formation  of  the  brain  stem  and  make  connections  with 
the  various  visceral  motor  nuclei.  Many  visceral  reflex  arcs  therefore 
consist  of  three  neurons:  a,  a  primary  afferent  neuron  of  the  vagus;  6,  a 
secondary  afferent  neuron  with  its  cell  in  the  nucleus  of  the  tractus 
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solitarius;  c,  a  visceral  efferent  neuron  with  cell  of  origin  in  one  of 
the  nuclei  of  the  visceral  efferent  column  (35). 

Concerning  the  paths  within  the  central  nervous  system  by  which 
afferent  impulses  reach  the  centers  for  the  various  visceral  reflexes,  very 
Uttle  is  known  and  such  observations  as  bear  on  this  topic  can  best  be 
mentioned  in  connection  with  the  particular  reflexes  concerned.  At 
present  our  information  concerning  the  afferent  paths  for  visceral  re- 
flexes, must  be  largely  based  on  rather  unsystematic  observations  con- 
cerning the  sources  of  the  particular  afferent  impulses  that  are  able  to 
initiate  the  various  reflexes  and  concerning  the  peripheral  nerves  which 
convey  these  impulses  to  the  central  nervous  system.  These  obser- 
vations are  widely  scattered  through  the  Uterature  and  are  rather  diflS- 
cult  to  present  in  condensed  form.  Because  of  limits  of  time  and  space 
we  have  confined  our  attention  to  the  respiratory,  cardiovascular,  and 
gastro-intestinal  reflexes. 

Respiratory  reflexes.  The  respiratory  cerUer.  The  respiratory 
movements  involve  the  coordinated  activity  of  many  widely  separated 
groups  of  muscles;  and  this  coordination  is  provided  for  by  a  respiratory 
center  situated  in  the  medulla  beneath  the  caudal  part  of  the  fourth  ven- 
tricle. The  center  issaid  by  vonBechterew  (43),  who  gives  a  good  account 
of  the  literature  on  this  subject,  to  be  located  in  the  reticular  formation 
lateral  to  the  root-fibers  of  the  hypoglossal  nerve.  Recent  work  tends 
to  confirm  the  generally  accepted  theory  that  the  respiratory  center  hasits 
own  automatic  rhythfti  (44),  (45),  (46),  (47).  Some  investigators  have 
seen  what  they  interpreted  as  respiratory  movements  in  decapitated 
young  animals,  possibly  indicating  the  presence  of  respiratory  centers  in 
the  spinal  cord,  and  have  assumed  that  the  failure  of  respiration  after 
transection  of  the  upper  part  of  the  spinal  cord  was  due  to  the  stimulation 
of  inhibitory  fibers  by  the  section.  Stewart  and  Pike  (45)  obtained 
evidence  of  rhythmic  activity  in  the  spinal  respiratory  centers  of  a  young 
cat  in  which  cerebral  anemia  had  thrown  the  bulbar  centers  out  of 
action.  But  Trendelenburg  (48)  has  shown  that  respiratory  movements 
ceased  when  the  conduction  of  impulses  from  the  medulla  to  the  spinal 
cord  was  interrupted  by  the  application  of  cold  without  stimulation  of 
inhibitory  fibers.  He  concludes  that  the  respiratory  center  is  in  fact 
located  in  the  medulla  and  that  the  isolated  spinal  centers  retain  no 
capacity  for  initiating  rhythmic  respiratory  movements. 

The  medulla  and  spinal  cord  are  however  not  the  only  portions  of  the 
central  nervous  system  concerned  in  respiration.  Lewandowsky  (49), 
Nikolaides  (50)  and  Trevan  (51)  have  shown  that  the  mesencephalon 
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plays  an  important  part.  According  to  Trevan,  transection  of  the 
mesencephalon  causes  no  disturbance  of  respiration  until  the  lerel  of  the 
inferior  coUiculus  of  the  corpora  qu^drigemina  is  reached.  After  a 
preliminary  period  of  apnea  respiration  starts  again  at  a  slower  pace 
somewhat  as  after  double  vagotomy.  That  the  effect  is  not  due  to  the 
cutting  off  of  impulses  from  the  vagus  is  shown  by  the  fact  that  section 
of  both  vagi  after  removal  of  the  inferior  coUicuU  produces  a  further 
prolongation  of  respiration  and  slowing  of  the  rate.  The  authors  men- 
tioned above  are  inclined  to  locate  an  accessory  respiratory  center  in  the 
inferior  coUiculus.  Their  evidence,  however,  indicates  nothing  more 
than  that  impulses  which  normally  enter  into  the  control  of  respiration 
pass  through  this  level  of  the  nervous  system. 

It  is  possible  that  Coombs  and  Pike  (52)  have  hit  upon  the  correct 
conception  of  the  part  played  by  the  corpora  quadrigemina  in  respira- 
tion. They  have  shown  that  the  results  of  combined  section  of  the  vagus 
and  dorsal  roots  are  similar  to  those  produced  by  section  of  the  vagi  plus 
transection  of  the  brain  stem  below  the  corpora  quadrigemina.  These 
authors  conclude  that  the  afferent  impulses  from  the  intercostal  muscles 
must  go  as  far  up  as  the  mesencephalon  from  which  they  are  directed 
backward  to  the  respiratory  center:  and  Graham  Brown  (53)  has  pre- 
sented evidence  indicating  that  in  this  downward  part  of  their  course 
they  follow  the  tectobulbar  tract. 

While  the  inferior  coUiculus  may  be  a  necessary  way  station  on  the 
afferent  path  from  the  musculature  of  the  chest  wall  to  the  respiratory 
center,  the  meduUa  oblongata  is  in  itself  sufiicient  for  the  estabUshment 
of  the  necessary  connections  between  the  afferent  fibers  of  the  vagus  and 
the  respiratory  center.  Furthermore  it  is  not  necessary  for  the  majority 
of  the  somatic  afferent  impulses,  which  are  capable  of  altering  the  re- 
spiratory rhythm,  to  reach  the  corpora  quadrigemina  before  they  become 
effective.  Stewart  and  Pike  (45)  have  demonstrated  that  aU  of  the 
characteristic  reflex  respiratory  effects  of  stimulation  of  the  brachial 
nerves  can  be  obtained  through  the  bulbar  center  after  anatomical 
separation  from  the  higher  centers.  And  Bechterew  (43)  states  that 
stimulation  of  the  trigeminal  nerve  causes  active  inspiration  in  an  animal 
in  which  the  brain  stem  has  been  divided  below  the  level  of  the 
inferior  coUiculus. 

Respiratory  reflexes  from  various  afferent  nerves.  A  great  deal  of  work 
has  been'done  upon  the  changes  in  the  respiratory  rhythm  that  may  be 
produced  by  afferent  impulses  traveling  along  the  vagus,  superior  laryn- 
geal, inferior  laryngeal,  trigeminal,  acoustic,  phrenic,  sciatic,  splanchnic 
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and  other  eensory  nerves.  The  literature  on  this  subject  is  voliuninous 
and  has  -been  well  summarized  by  v.  Bechterew  (43)  and  Sjoblonn  (54). 
While  it  is  clear  that  the  respiratory  center  has  connections  with  all  of  the 
afferent,  cranial  and  spinal  nerves,  and  the  response  may  vary  somewhat 
with  the  nerve  stimulated,  the  effect  of  stimulation  of  a  given  nerve  is  not 
always  the  same.  The  rate  and  the  ampUtude  may  be  increased  or  de- 
creased. Either  the  inspiration  or  the  expiration  may  be  chiefly  affected ; 
or  the  respiratory  movements  may  be  inhibited  in  the  expiratory  or  the 
inspiratory  position^  It  is  not  always  clear  what  determines  the  character 
of  the  individual  response.  The  strength  of  the  stimulus,  the  kind  of 
anesthetic,  and  the  particular  nerve  stimulated  are  important  factors 
in  determining  what  the  effect  will  be.  It  would  be  useless  at  the  present 
time  to  attempt  an  explanation  of  these  variations. 

It  is  possible  that  light  might  be  thrown  on  the  causes  of  these  varia- 
tions if  carefully  measured  stimuU  were  appUed  successively  to  a  large 
number  of  sensory  nerves  under  rigidly  controlled  conditions.  A  start 
in  this  direction  has  been  made  by  Gruber  (55).  The  weakest  effective 
electrical  stimulation,  measured  in  terms  of  Martin  units,  when  appUed 
to  the  vagus  and  the  superior  laryngeal  nerve  of  the  cat  caused  decreased 
inspiration  with  normal  expiration;  a  somewhat  stronger  stimulus  caused 
mcreased  inspiration  with  decreased  expiration;  still  stronger,  respiratory 
inhibition  in  inspiration;  and  stronger  yet  cessation  of  respiration  in  ex- 
piration. It  is  obvious  that  these  results  may  have  a  bearing  on  the 
question  of  the  existence  of  two  kinds  of  afferent  respiratory  fibers,  but 
Gruber  does  not  attempt  any  such  interpretation  of  his  results. 

Afferent  impulses  from  the  lungs  and  chest  vxiU,  The  vagus  supplies 
afferent  fibers  to  the  larynx,  trachea  and  lungs  and  these  exert  a  domi- 
nant influence  over  the  respiratory  center.  It  is  generally  assiuned  that 
the  afferent  fibers  of  the  vagus  which  end  in  the  limg  are  of  two  kinds, 
inspiratory  and  expiratory.  According  to  the  theory  of  Herring  and 
Breuer  these  two  kinds  of  fibers  are  stimulated  alternately  by  the 
expansion  and  collapse  of  the  lungs.  Stimulation  of  the  expiratory 
fibers  by  the  expansion  of  the  lungs  works  through  the  respiratory  center 
to  limit  the  extent  of  inspiration,  and  initiate  expiration.  On  the 
other  hand,  collapse  of  the  lungs  by  stimulating  inspiratory  fibers  may 
cut  short  the  expiration  and  start  a  new  inspiration.  Blocking  of 
these  afferent  impulses  from  the  lungs  by  double  vagatomy  causes  the 
respiration  to  be  deeper  and  slows  the  respiratory  rhythm.  'The  in- 
spiratory fibers  in  the  vagus  are,  however,  not  supposed  to  be 
operative  in  quiet  breathing  but  to  come  into  play  only  during  forced 
expiration  (56). 
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The  existence  of  vagal  inhibitory  fibers,  which  are  stimulated  by  the 
expansion  of  the  lungs  and  which  because  they  limit  the  extent  of  inspira- 
tion and  initiate  expiration  are  also  designated  as  expiratory  fibers,  seems 
to  be  well  established.  The  case  is  not  so  clear  for  the  existence  of  vagal 
inspiratory  fibers  although  the  consensus  of  opinion  is  that  such  inspira- 
tory fibers  do  exist  in  the  vagus.  The  most  important  evidence  in 
support  of  this  view  has  been  presented  by  Head  (57),  Schenck  (56), 
Einthoven  (58),  Nikolaides  (59)  and  Sjoblonn  (54).  Schenk  produced 
collapse  of  the  lungs  by  suction  and  then  clamped  off  the  tracheal  cannula. 
In  these  experiments  the  respiratory  movements  had  a  more  expiratory 
character  when  the  vagi  were  interrupted  than  when  they  were  intact. 
He  concludes  that  there  are  inspiratory  fibers  in  the  vagus  which  however, 
are  stimulated  only  when  the  lungs  are  collapsed  to  an  unusual  degree. 
Einthoven  (58)  cut  the  vagi  and  connected  the  distal  part  with  a 
string  galvanometer,  which  then  showed  an  action  current  throughout 
each  inspiration.  The  limgs  were  then  collapsed  by  suction  and  the 
galvanometer  roistered  another  electrical  variation  of  a  different 
character,  indicating  the  existence  of  a  set  of  fibers  stimulated  by  this 
excessive  collapse  of  the  limg. 

According  to  Nikolaides  (59)  the  vagus  of  the  bird  differs  from  that  of 
the  mammal  in  that  it  contains  chiefly  inspiratory  fibers.  Its  stimulation 
always  results  in  rapid  and  deep  respiration.  He  thinks  that  the  inspi- 
ratory fibers  are  rudimentary  in  the  mammal  and  can  scarcely  play  a 
rdle  in  normal  respiration  while  these  fibers  predominate  in  the  bird. 
Sjoblonn  (54)  records  an  extensive  series  of  stimulations  of  the  central 
ends  of  sensory  nerves,  stich  as  the  phrenic,  intercostals,  sciatic,  splanch- 
nic and  vagus.  His  results  have  not  the  value  which  they  would  have  if 
they  had  been  carried  out  with  carefully  measured  stimuli.  He  found 
that  the  fibers  in  the  vagus  which  inhibit  inspiration  are  more  easily 
excited  than  those  which  inhibit  expiration.  For  this  reason  weak 
stimuli  cause  inhibition  in  inspiration  and  strong  stimuli  cause  inhibition 
in  expiration.  But  the  results  which  Gruber  (55)  obtained  with  more 
carefully  graded  stimuli  and  which  have  been  summarized  on  a  preceding 
page  are  not  susceptible  of  so  simple  an  interpretation. 

Two  objections  can  be  made  to  most  of  the  evidence  offered  in  support; 
of  the  existence  of  inspiratory  vagal  fibers.  Aspiration  of  air  from  the 
lungs  has  usually  been  employed  to  produce  the  excessive  collapse  of 
the  limg  necessary  to  stimulate  these  fibers.  This  produces  a  totally 
unnatural  condition  and  necessarily  results  in  temporary  puhnonary  con- 
gestion.   And  in  the  second  place  the  investigators  have  not  taken  into 
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<»nsideratioii  the  existence  of  afferent  paths  from  the  lungs  and  chest 
wall  through  the  spmal  cord  to  the  respiratory  center. 

Barry  (60)  has  made  some  very  important  contributions  to  this  sub- 
ject. He  tested  in  rabbits  and  cats  the  effect  of  blocking  the  trachea  at 
the  end  of  an  expiration  or  at  the  end  of  an  inspiration,  thus  holding  the 
lung  in  a  condition  of  collapse  or  expansion.  Blocking  of  the  trachea  at 
the  end  of  inspiration  causes  inhibition  of  respiration  and  relaxation  of 
respiratory  muscles;  but  this  result  does  not  occur  if  the  vagi  have  been 
previously  divided.  This  confirms  the  existence  in  the  vagus  of  ex- 
piratory (inspiration-inhibiting)  fibers.  Occlusion  of  the  trachea  at  the 
end  of  expiration  leads  at  once  to  a  series  of  deep  inspiratory  efforts. 
The  collapsed  condition  of  the  limg  and  chest  wall  therefore  stimulates 
inspiratory  fibers.  But  Barry  says  that  the  fibers  in  question  do  not  run 
in  the  vagus  because  that  nerve  can  be  divided  without  diminishing  the 
inspiratory  reflex.  On  the  other  hand,  this  reflex  was  diminished  by 
excision  of  the  stellate  ganglion  and  obUterated  by  section  of  the  spinal 
cord.  From  these  experiments  Barry  concludes  that  during  ordinary 
breathing  inspiratory  impulses  pass  to  the  respiratory  center  by  way  of 
the  spinal  cord.  These  arise  in  the  thoracic  wall  and  travel  by  somatic 
nerves.  There  probably  are  also  inspiratory  impulses  of  pulmonary 
origin  passing  by  way  of  the  stellate  ganglion,  white  rami  and  spinal  cord. 
Afferent  impressions  of  pulmonary  origin  conveyed  by  the  vagus  are 
•chiefly  inhibitory. 

Gault  and  Scott  (61)  have  shown  by  tracings  taken  from  the  cat's 
diaphragm  that  the  slow  respiration  with  prolonged  expiration,  char- 
acteristic of  the  vagotomised  animal,  gives  place  after  section  of  the 
spinal  cord  in  the  low  cervical  region  to  a  type  of  respiration  in  which 
both  phases  are  prolonged.  In  a  normal  animal  section  of  the  cord, 
leaving  the  vagi  intact,  produces  a  respiration  with  prolonged  expiratory 
phase.  These  results  give  support  to  Barry's  contention  that  afferent 
inspiratory  impulses  are  carried  through  the  spinal  nerves  and  spinal 
cord  to  the  respiratory  center. 

MoUgaard  (62)  has  demonstrated  that  afferent  fibers  reach  the  lungs 
by  way  of  the  sympathetic  nervous  system  from  the  second  and  third 
spinal  nerves.  He  also  studied  the  chromatolysis  in  the  sensory  ganglia 
of  the  vagus  resulting  from  excision  of  the  lung  and  showed  that  the 
sensory  vagal  fibers  which  end  in  the  limg  have  their  cells  of  origin  in  the 
nodose  ganglion  and  are  to  some  small  extent  derived  from  the  vagus  of 
the  opposite  side. 
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Roger  (63)  stimulated  the  nerve  endings  in  the  bronchi  and  lungs  of 
the  rabbit  by  blowing  an  irritating  gas  through  a  tracheal  cannula.  Such 
irritation  of  the  deeper  respiratory  passages  regularly  caused  according 
to  Roger  a  deep,  prolonged  and  spasmodic  inspiration  followed  by  a 
short  period  of  apnea  and  then  rapid  respiration.  The  afferent  path  for 
this  reflex  is  through  the  sympathetic  system  and  spinal  cord  since  the 
reflex  is  not  affected  by  double  vagotomy.  Craigie  (64)  has  confirmed 
Roger's  results  on  dogs  with  the  exception  that  the  first  effect  is  a  deep 
and  prolonged  expiration.  The  suspicion  arises  that  Roger  wrongly 
interpreted  the  upstroke  of  the  recording  lever  from  the  manometer  as 
indicating  an  inspiration.  Mayer,  Magne  and  Plantefol  (65)  by  a  some- 
what similar  technique  obtained  a  sharp  expiration  followed  by  several 
jerky  respirations  and  then  polypnea.  These  reactions  were  stopped  by 
section  of  the  vagi  or  prevented  entirely  if  these  nerves  were  cut  before 
vapor  was  applied. 

The  importance  of  the  dorsal  roots  of  the  spinal  nerves  as  paths  for 
the  afferent  impulses  involved  in  the  respiratory  reflexes,  is  obvious  from 
the  results  of  Barry,  Gault  and  Scott,  MoUgaard  and  Roger.  Addi- 
tional evidence  along  this  line  has  been  furnished  by  Coombs  (66)  and 
Coombs  and  Pike  (52),  who  foimd  that  section  of  the  thoracic  and  cer- 
vical dorsal  roots  results  in  a  diminution  or  cessation  of  costal  respiration 
without  marked  change  in  the  respiratory  rhythm. 

Apnea,  Apnea  has  been  divided  into  three  classes:  true,  vagal  and  false 
apnea.  The  term  vagal  apnea  is  applied  by  some  authors  to  the  arrest 
of  respiration  which  results  from  stimulation  of  the  pulmonary  endings 
of  the  vagus  by  distention  of  the  lungs,  and  the  term  false  apnea  to  a 
similar  arrest  produced  by  the  stimulation  of  other  sensory  nerves.  It 
is  doubtful  if  such  reflex  inhibition  should  be  designated  as  apnea,  since 
according  to  most  observers  the  inhibition  does  not  outlast  the  stimulus. 
In  recent  years  the  conception  advocated  by  Haldane  has  become  domi- 
nant that  true  apnea  is  of  chemical  origin.  It  is  true  that  Githens  and 
Meltzer  (67)  have  seen  prolonged  and  complete  apnea  follow  short 
distention  of  the  limgs  with  air  containing  5  per  cent  of  COi,  and  that 
Foa  (68)  has  also  made  observations  which  seemed  to  him  to  indicate 
that  the  vagus  played  a  part  in  the  production  of  true  apnea.  Most 
recent  investigators,  however,  find  that  the  occurrence  of  apnea  is 
entirely  dependent  upon  the  chemical  stimulation  of  the  respiratory 
center  and  that,  while  distention  of  the  lungs  brings  about  a  reflex  inhi- 
bition of  respiration,  this  inhibition  does  not  last  beyond  the  time  of 
distention  if  sufficient  CO2  is  added  to  the  air  to  maintain  the  alveolar 
content  of  CO2  unchanged  (69),  (70),  (71),  (72),  (73). 
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Leroy  (74)  has  repeated  Fredericq's  cross  circulation  experiment,  the 
result  of  which  had  been  called  in  question  by  Foa  (68),  and  confirmed 
Fredericq  's  results.  In  this  experiment  the  central  end  of  the  carotid  of 
one  rabbit  is  united  with  the  peripheral  end  of  the  carotid  of  another 
rabbit  and  vice  versa.  All  other  head  arteries  are  tied.  Changes  in  the 
blood  gasses  of  A  alter  the  respiratory  rhythm  of  B.  Very  strong  ven- 
tilation of  the  lungs  of  A,  produces  apnea  in  B  increasing  the  alveolar 
content  of  CO^  in  B's  lung  and  thus  producing  dyspnea  in  A.  Since  the 
series  of  responses  is  not  affected  by  double  vagotomy  it  is  in  no  way 
dependent  upon  a  reflex  through  the  vagus.  The  question  thus  seemed 
to  have  been  settled  in  favor  of  the  Haldane  school,  but  has  been  re- 
opened by  Meek  (75)  who  ranges  himself  on  the  side  of  the  minority. 

Reflexes  from  the  upper  respiratory  passages.  Stimulation  of  the 
mucous  membrane  of  the  pharynx,  laiynx  and  trachea  or  of  the  nerves 
which,  supply  this  territory,  namely,  the  glossopharyngeal,  superior 
laryngeal  and  recurrent  nerves  leads  to  inhibition  of  respiration  in  the 
expiratory  position.  During  the  act  of  swallowing  respiration  is  inhi- 
bited by  afferent  impulses  which  arise  in  the  pharyngeal  mucosa  and 
travel  along  the  glossopharyngeal  nerve  (250).  Irritation  of  the  sensory 
endings  of  the  trigeminal  nerve  in  the  nasal  mucous  membrane  leads  to 
the  same  results  (65),  and  in  addition  it  causes  marked  cardiac  and  vaso- 
motor reflexes  (63).  Pressure  oh  the  bulbus  oculi  likewise  produces 
through  the  trigeminal  nerve  an  alteration  in  the  rate  and  amplitude  of 
respiration  associated  with  oculo-cardiac  and  oculo-vasomotor  reflexes 
(114). 

If  water  is  poured  over  the  muzzle  of  a  tracheotomized  animal,  res- 
piration ceases  in  the  expiratory  phase.  This  can  be  seen  to  good  ad- 
vantage in  water  fowl.  Submergence  of  a  duck's  head  under  water 
produces  instantly  reflex  inhibition  of  respiration.  Since  submergence 
of  the  entire  head  is  required  the  receptors  involved  must  be  those  which 
supply  the  mucous  membrane  and  skin  of  the  head,  chiefly  the  trigeminal 
and  glossopharyngeal  nerves  (76),  (77).  (See  also  Vincent  and  Cameron 
(78) .)  It  is  obvious  that  these  reflexes  have  for  their  object  the  exclusion 
of  noxious  gasses  and  other  injurious  substances  from  the  lungs. 
This  protective  action  is  made  more  evident  by  the  fact  that  together 
with  the  cessation  of  respiration  the  glottis  is  reflexly  closed  and  the 
bronchial  musculature  contracted. 

It  has  been  demonstrated  that  stimulation  of  the  trigeminal  nerve 
endings  in  the  mucous  membrane  of  the  nose  will  cause  a  reflex  contraction 
of  the  bronchial  musculature  (79).    Dixon  and  Brodie  (80)  could  pro- 
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duce  no  effect  on  the  bronchial  musculature  by  stimulation  of  the  cen- 
tral end  of  the  vagus  or  the  sciatic  nerve.  But  they  found  that  elec- 
trical; chemical  or  mechanical  stimulation  of  the  nasal  mucous  membrane 
usually  results  in  some  degree  of  bronchial  constriction  which  as  a  rule 
comes  on  gradually  and  is  very  persistent. 

Exaggerated  contraction  of  the  bronchial  musculature  brings  on  a  con- 
dition of  labored  breathing  known  as  asthma.  The  prompt  and  per- 
manent reUef,  which  sometimes  follows  removal  of  nasal  irritation, 
suggests  that  in  these  cases  asthma  is  caused  by  bronchial  spasm  reflexly 
excited  from  the  nose  (81),  (82),  (83),  (84),  (85),  (86).  This  form  of 
asthma  falls  in  the  class  of  nasal  reflex  neuroses.  Under  this  heading  are 
included  a  great  variety  of  conditions  supposed  to  be  caused  by  irritation 
of  the  sensitive  mucosa  of  the  nose  and  accessory  sinuses  (87),  (88), 
(89). 

This  is  perhaps  the  place  to  mention  the  interesting  results  of  Carlson 
and  Luckhardt  (1)  on  the  amphibian  and  reptilian  lung.  In  the  frog 
and  turtle  there  are  muscle  fibers  in  the  lung  which,  when  they  contract, 
cause  the  lung  to  shrink.  The  degree  of  contraction  of  this  lung  mus- 
culature can  be  affected  reflexly  through  central  stimulation  of  the  vagi 
or  of  cutaneous  nerves. 

Cardl^c  REFLEXES.  While  the  genesis  of  the  heart  beat  may  now  be 
definitely  traced  to  the  sino-auricular  node,  which  is  the  "pacemaker" 
for  the  mammalian  as  well  as  the  lower  vertebrate  heart  (92),  yet  the 
cardiac  rhythm  is  imder  the  influence  of  the  central  nervous  system 
through  inhibitory  fibers  in  the  vagus  and  accelerator  fibers  in  the  sym- 
pathetic nerves,  and  the  pulse  rate  may  be  altered  reflexly  by  afferent 
impulses  from  many  sources. 

An  increase  in  blood  pressure  causes  a  slowing  of  the  rate  of  the  heart 
beat,  which  is  at  least  in  part  of  reflex  origin.  The  effect  of  the  pressure 
on  the  heart  is  but  a  minor  factor.  Herlitzka  (93),  who  worked  with 
the  isolated  dog's  heart  fed  with  Locke's  solution  foimd  that  the 
cardiac  rate  increased  with  the  pressure  but  that  the  change  did  not 
occur  for  some  time  and  was  apparently  due  to  better  nutrition  of  the 
heart.  Eyster  and  Hooker  (94),  (95)  have  reviewed  the  Hterature  on  this 
subject  and  conclude  that  the  balance  of  evidence  supports  the  view 
that  in  the  isolated  heart  no  changes  in  rate  occur  as  a  result  of  changes 
in  blood  pressure,  that  cannot  be  referred  to  changes  in  nutritive  con- 
ditions. These  authors  conclude  that  the  slowing  of  the  heart  from 
increased  arterial  pressure  is  due  to  two  factors  which  normally  act 
together:  a,  a  direct  effect  of  the  increased  blood  pressure  upon  the 
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cardio-inhibitory  center;  and  6,  a  stimulation  of  the  cardio-inhibitory 
center  through  afferent  nerves,  resulting  in  a  reflex  slowing  of  the  heart. 
They  believe  that  the  afferent  fibers  concerned  in  this  reflex  come,  at 
least  in  large  part,  from  the  thoracic  aorta,  since  increased  pressure 
acting  only  on  this  part  of  the  aorta  caused  slowing  of  the  pulse  while 
increased  intraventricular  pressure  was  without  effect.  Since  the 
cardio-inhibitory  reflex  persists  after  section  of  the  accelerator  and 
depressor  nerves,  the  afferent  as  well  as  the  efferent  path  must  be  in  the 
vagus.  Their  experiments  do  not  prove  that  there  are  no  afferent 
fibers  for  this  reflex  in  the  depressor  or  accelerator  nerves  but  do  show 
that  they  are  not  exclusively  found  in  these  nerves.  It  has  been  shown 
by  von  Brlicke  (96)  that  stimulation  of  the  central  end  of  the  depressor 
nerve,  which  is  now  knoT^  to  be  the  afferent  nerve  of  the  aorta  (97), 
causes  a  slowing  of  the  heart  amoimting  to  25  per  cent.  On  the  other 
hand  Kochmann  (98)  thinks  that  the  sensory  endings  involved  in  the 
cardio-inhibitory  reflex  are  in  the  heart.  Stimulation  of  the  central  end 
of  the  vagus  causes  slowing  of  the  heart  rate;  and  Brodie  and  Russell 
(99)  have  shown  that  in  producing  this  reflex  the  pulmonary  branches 
are  most  effective,  the  cardiac  branches  much  less  effective  and  those 
below  the  pulmonary  still  less  so. 

This  reflex  has  been  regarded  as  due  to  a  stimulation  of  the  cardio- 
inhibitory  center  but  the  results  of  Aron  Briicke  (96)  indicate  that  there 
is  at  the  same  time  an  inhibition  of  the  tonic  action  of  the  accelerators. 
Stimulation  of  the  central  end  of  the  depressor  nerve  in  the  rabbit  gave 
a  reduction  in  the  heart's  rate  of  25  per  cent  before  and  8.5  per  cent  aft^r 
double  vagotomy..  Extirpation  of  the  stellate  and  inferior  cervical 
ganglia  along  with  double  vagotomy  completely  eliminated  the  reflex 
slowing  of  the  heart  from  depressor  stimulation.  On  the  other  hand 
Bainbridge  (100)  was  unable  to  demonstrate  any  slowing  of  the  heart  by 
central  vagus  stimulation  after  double  vagotomy  in  dogs  and  concludes 
that  such  stimulation  does  not  decrease  the  tone  of  the  accelerator 
centers. 

It  is  well  known  that  stimulation  of  the  central  end  of  the  sciatic  and 
many  other  sensory  nerves  reflexly  quickens  the  heart.  Until  recently 
it  was  believed  that  this  was  brought  about  entirely  through  a  diminu- 
tion of  the  tone  of  the  vagus.  Hooker  (101)  has  shown,  however,  that  if 
both  vagi  are  cut  and  a  stimulus  is  applied  to  the  peripheral  end  of  one 
of  them,  just  sufficient  to  keep  the  heart  beating  at  the  rate  previously 
observed  in  the  intact  animal,  it  is  possible  to  obtain  a  reflex  acceleration 
of  the  heart  from  stimulation  of  the  central  end  of  the  vagus,  splanchnic 
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sciatic  and  saphenous  nerves.  Since  in  these  experiments  the  vagi 
were  cut,  the  response  must  have  been  due  to  a  stimulation  of  the  ac- 
celerator centers.  Bainbridge  (100)  has  obtained  similar  results  from 
sciatic  stimulation  in  dogs  in  which  after  double  vagotomy  the  cardiac 
rate  was  slowed  by  peripheral  vagus  stimulation  or  by  pilocarpin.  He 
concludes  that  although  reflex  cardiac  acceleration  is  mainly  due  to  a 
decrease  of  vagus  tone  there  also  occurs  a  stimulation  of  the  accelerator 
centers.  The  work  of  Petzetakis  and  Dastre  (103)  would  seem  to  indi- 
cate that  the  reflex  arc  for  cardiac  acceleration  from  stimulation  of  the 
sciatic  nerve  is  complete  below  the  medulla  oblongata,  since  the  response 
is  not  abolished  by  section  of  the  cervical  portion  of  the  spinal  cord. 

It  has  been  shown  by  Carlson  (102)  that  during  periods  of  strong 
hunger  contractions  the  rate  of  the  heart  is  increased.  Dmitrenko  (166) 
foimd  that  dilatation  of  the  stomach  by  inflating  a  balloon  within  its 
liunen  causes  a  quickening  of  the  pulse.  Most  of  the  centripetal  fibers 
for  this  reflex  are  in  the  splanchnic  nerve  but  a  few  also  occur  in  the  vagus 
and  the  response  is  due  to  the  excitation  of  the  accelerator  mechanism 
not  to  the  inhibition  of  the  cardiac  inhibitory  center. 

The  quickening  of  the  pulse  which  occurs  during  exercise  is  in  large 
part  brought  about  through  depression  of  the  cardio-inhibitoiy  center 
but  it  is  not  known  whether  this  occurs  as  a  reflex  from  the  sensory  ter- 
minals in  the  active  muscle  or  is  caused  by  an  irradiation  of  impulses  from 
the  pyramidal  tract  to  the  cardio-inhibitory  center.  Since  this  response 
has  not  been  clearly  shown  to  be  a  reflex,  it  falls  outside  the  scope  of  this 
paper.  The  related  literature  has  been  discussed  and  the  problem  thor- 
oughly investigated  by  Gasser  and  Meek  (104). 

Afferent  fibers  from  the  respiratory  tract  seem  to  have  particularly 
intimate  connections  with  the  cardio-inhibitory  center.  Central  stimu- 
lation of  the  pulmonary  branches  of  the  vagus  is  more  effective  than  that 
of  the  cardiac  branches  in  slowing  the  heart  (99).  In  the  frog,  irritation 
of  the  lungs  causes  cardiac  inhibition  while  in  the  turtle  cardiac  accelerar 
tion  is  obtained  from  the  pulmonary  branches  of  the  vagi  (105).  An 
irritant  vapor  blown  directly  into  the  bronchi  through  a  tracheal  cannula 
causes  reflex  cardiac  inhibition  (63).  Collapse  of  the  lung  due  to  open- 
ing of  the  chest  causes  a  reflex  slowing  of  the  heart  which  does  not  occur 
if  the  vagi  are  cut  (106).  The  question  whether  the  afferent  path  for 
this  reflex  is  in  the  vagus  or  sjmapathetic  nerves  cannot  be  answered  by 
section  of  the  vagi  since  these  nerves  also  contain  the  efferent  limb  of  the 
arc.  Similar  cardio-inhibitory  responses  can  be  obtained  from  the 
stimulation  of  the  trigeminal  nerve  endings  in  the  nasal  mucosa  and  of 
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the  vagus  endings  in  the  larynx  (99),  (63).  Weil  and  Philippe  (107) 
have  studied  this  naso-cardiac  reflex  in  some  detail  and  find  that  mechan* 
ical  as  well  as  chemical  irritation  of  the  nasal  mucosa  may  cause  either 
a  slowing  or  quickening  of  the  pulse,  the  afferent  path  for  this  reflex 
being  in  the  trigeminal  nerve.  It  closely  resembles  the  oculocardiac 
reflex. 

This  relatively  unimportant  oculocardiac  reflex  has  engaged  the 
attention  of  a  great  number  of  investigators  since  it  was  first  described  in 
1908  by  Aschner  (110)  and  Dagnini  (111).  Pressure  on  the  eyeball  causes 
a  slowing  of  the  pulse.  The  afferent  path  for  the  reflex  is  in  the  tri- 
geminal nerve.  A  few  of  the  more  important  articles  on  this  subject  are 
included  in  the  bibUography  (112),  (113).  (114),  (115),  (116),  (117), 
(118);  (119). 

yASOMOTOR  REFLEXES.  The  arterial  blood  pressure  is  maintained 
by  the  action  of  the  heart  working  against  a  peripheral  resistance  that 
increases  or  decreases  with  changes  in  the  caliber  of  the  blood  vessels. 
Constriction  of  the  arterioles  causes  a  rise  in  blood  pressure,  and  a 
blanching  of,  and  decreased  blood  flow  through  the  parts  of  the  body 
affected  by  the  constriction.  Dilation  of  the  arterioles  and  capillaries 
causes  a  f aJl  of  arterial  pressure,  and  a  flushing  of,  and  increased  blood  flow 
through  the  parts  affected.  The  cahber  of  the  arteries  and  probably  also 
that  of  the  capillaries  (120)  and  at  least  some  of  the  veins  (121)  is  imder 
the  control  of  the  nervous  system.  The  efferent  fibers  which  bring  about 
contraction  of  the  blood  vessels  are  known  as  vasoconstrictor  and  those 
which  cause  dilatation  as  vasodilator  fibers. 

While  mental  and  emotional  states  often  find  expression  in  blanching 
or  flushing  of  the  skin  and  in  changes  in  blood  pressure,  vasomotor 
control  is  for  the  most  part  reflex  in  character;  and  a  reflex  involves 
afferent  as  well  as  efferent  conductors  and  a  center  in  the  segmental 
portion  of  the  nervous  system.  Afferent  fibers  whose  stimulation 
causes  vasoconstriction  and  Sf  rise  of  blood  pressure  have  been 
designated  as  pressor  fibers,  and  those  which  cause  a  fall  in  blood 
pressure  as  depressor  fibers. 

Vasomotor  centers.  Many  of  the  vasodilator  responses  are  axon- 
reflexes,  peripheral  in  origin  and  local  in  character  (122);  but  all  other 
vasomotor  responses  are  mediated  through  the  central  nervous  system 
and  are  under  the  control  of  a  vasomotor  center  located  in  the  medulla 
oblongata  at  about  the  level  of  the  motor  nucleus  of  the  facial  nerve. 
This  is  primarily  a  vasoconstrictor  center  serving  both  as  a  center  for 
pressor  reflexes  and  through  its  tonic  activity  for  the  maintenance  of  the 
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vascular  tone.  The  tonic  activity  of  this  center  is  no  doubt  in  part  due 
to  the  continual  play  upon  it  of  afferent  pressor  impulses;  but  it  is  also 
capable  of  responding  to  the  carbon-dioxide  concentration  of  the  blood 
and  to  the  amount  of  blood  suppHed  to  the  medulla  (123).  Porter 
(124),  (125)  presents  what  does  not  seem  to  be  altogether  satisfactory 
evidence  that  the  vasomotor  center  consists  of  two  distinct  parts,  a  vaso- 
tonic and  a  vasoreflex  center.  A  more  important  question  in  view  of  the 
recent  work  on  vasodilator  reflexes  is  whether  there  is  in  addition  to  the 
vasoconstrictor  center  also  a  vasodilator  center  and  what  are  the  struc- 
tural and  fimctional  interrelation  of  these  two  centers.  It  has  been 
demonstrated  that  depressor  stimulation  causes  not  merely  a  depression 
of  the  tone  of  the  vasoconstrictor  center  but  also  an  active  vasodilata- 
tion involving  widely  separated  parts  of  the  body  such  as  the  nasal 
mucous  membrane,  the  tongue  and  the  hind  limbs  even  after  the  vaso- 
constrictor fibers  to  these  parts  have  been  divided  (126),  (127),  (128). 
These  so-called  active  vasodilator  responses  are  not  due  to  an  inhibition 
of  the  vasoconstrictor  center;  and  it  is  hard  to  see  how  they  could  be 
mediated  through  that  center.  In  the  absence  of  clear  evidence  for  the 
existence  of  a  coordinating  center  for  these  vasodilator  responses  it  is 
possible  to  assume  that  the  incoming  vasodilator  impulses  play  upon 
widely  separated  groups  of  neurons  in  the  brain  stem  and  spinal  cord, 
through  which  the  efferent  vasodilator  impulses  are  transmitted.  But  in 
view  of  the  wide  dissemination  of  the  dilator  impulses  entering  through 
the  depressor  nerve  as  demonstrated  by  Fofanow  and  Tschalussow  (127), 
the  hypothesis,  advanced  by  Bayliss  (129)  and  supported  by  the  authors 
just  mentioned,  that  there  exists  a  special  vasodilator  center  does  not 
seem  unreasonable.  But  Martin  and  Stiles  (130),  although  they  have 
presented  evidence  that  the  fall  of  blood  pressure  from  depressor  stimu- 
lation is  due  in  part  to  a  stimulation  of  the  vasodilator  mechanism,  do 
not  regard  it  as  necessary  to  assume  the  existence  of  such  a  co6rdinating 
vasodilator  center.  The  observations  of  Hanson  and  Billingsley  (131), 
that  there  are  in  the  floor  of  the  fourth  ventricle  of  the  cat  a  pressor 
point  in  the  fovea  inferior,  the  stimulation  of  which  causes  a  rise  in 
blood  pressure,  and  a  depressor  point  in  the  area  postrema,  which  when 
stimulated  causes  a  fall,  indicate  that  at  each  of  these  points  some  por- 
tion of  the  corresponding  reflex  arc  is  accessible  to  stimulation.  They 
do  not  necessarily  indicate  the  location  at  these  points  of  separate  vaso- 
constrictor and  vasodilator  centers. 

Since  the  vasoconstrictor  center  exerts  its  influence  through  the  spinal 
visceral  efferent  neurons  it  is  possible  that  these  neurons  located  in  the 
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intermediolateral  cell  column  may  under  certain  conditions  be  accessible 
to  influences  other  than  those  reaching  it  from  the  vasoconstrictor  center. 
There  is  evidence  that  this  actually  occurs.  Some  considerable  time 
after  transection  of  the  lower  cervical  spinal  cord  of  the  dog,  Sherrington 
(132)  obtained  a  clear  cut  pressor  response  from  sciatic  stimulation. 
Since  this  reflex  cannot  be  obtained  immediately  after  transection,  and 
since  division  of  the  afferent  spinal  pressor  pathway  in  the  upper  cer- 
vical region  without  the  production  of  spinal  shock  entirely  eliminates 
the  pressor  response  (162),  we^may  conclude  that  these  so-called  spinal 
vasomotor  centers  are  not  under  ordinary  conditions  accessible  to  the 
incoming  pressor  impulses,  but  rather  that  these  must  first  ascend  to  the 
bulbar  vasomotor  center  before  they  can  become  operative.  That  the 
inaccessibility  of  the  spinal  vasomotor  centers  to  afferent  pressor  impulses 
is  not  due  to  spinal  shock  caused  by  the  stimulation  of  inhibitory  fibers 
during  the  transection  of  the  cord  is  also  demonstrated  by  the  fact  that 
paralysis  of  the  medulla  by  cocain  or  by  cold  abolishes  the  pressor  re- 
sponses although  neither  of  these  means  would  stimulate  any  inhibitory 
fibers  (133),  (134).  But  according  to  Japelli  (135)  the  spinal  vasomotor 
centers  are  rendered  accessible  to  pressor  impulses  from  the  sciatic 
shortly  after  transection  of  the  cervical  spinal  cord  if.  the  animal  is 
partially  asphixiated. 

Vasomotor  reflexes  from  somaiic  nerves.  Stimulation  of  the  central  end 
of  a  sensory  nerve  like  the  sciatic  may  under  appropriate  conditions  result 
in  either  a  rise  or  a  fall  in  blood  pressure.  It  has  been  known  for  many 
years  that  strong  stimulation  of  any  general  somatic  sensory  nerve 
causes  a  vasoconstrictor  reflex.  Certain  nerves,  such  as  those  which 
supply  the  muscles,  have  been  thought  to  be  more  liable  to  cause  a  vaso- 
dilatation than  others;  but  recent  work  has  shown  that  there  is  no  es- 
sential difference  in  the  reaction  to  be  obtained  from  the  various  somatic 
nerves  (136),  (137),  (138).  Those  who  have  recently  worked  with  the 
vasomotor  reflexes  have  for  the  most  part  devoted  their  attention  to  the 
depressor  responses.  Busquet  (139),  (140)  secxu-ed  tracings  from  the 
dog's  femoral  artery  and  vein  and  foimd  that  jarring  the  table  or  pinch- 
ing the  foot  caused  a  drop  in  arterial  and  a  rise  in  venous  pressure.  The 
vasodilatation  thus  indicated  is  reflex  since  it  is  abolished  by  section  of 
the  sciatic  nerve  or  of  the  spinal  cord  below  the  medulla. 

Hunt  (141)  was  the  first  investigator  to  study  carefully  the  conditions 
under  which  afferent  somatic  nerves  give  depressor  responses.  He 
found  that  weak  stimulation,  or  stimulation  of  a  nerve  previously  cooled, 
or  stimulation  of  a  regenerating  nerve  would  regularly  elicit  a  fall  in 
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blood  pressure.  Martin  and  Lacey  (136)  found  that  a  reflex  drop  is  the 
typical  response  to  stimulation  of  the  somatic  afferent  nerves  when  the 
stimulation  is  in  the  order  of  magnitude  of  the  threshold  for  spinal  re- 
flexes of  the  skeletal  muscles.  This  is  from  20  to  200  times  less  than 
that  required  to  induce  the  pressor  response.  Gruber  (142)  and  Gruber 
and  Kretschmer  (143),  workmg  with  cats  anaesthetized  with  urethane, 
showed  that  the  rate  of  stimulation  was  an  important  factor  in  the  re- 
sponse. With  weak  faradic  stimulus  and  four  interruptions  per  second 
they  obtained  a  drop  in  blood  pressure  in  every  case,  and  with  strong 
stimuli  and  one  interruption  per  second  they  obtained  a  drop  in  93  per 
cent  of  the  trials.  Vincent  and  Cameron  (137)  were  inclined  to  doubt 
the  reflex  character  of  the  depressor  response  from  somatic  nerves  since, 
because  they  did  not  pay  sufficient  attention  to  the  rate  of  stimulation, 
they  were  imable  to  secxu^e  clear-cut  results.  But,  taking  advantage  of 
Gruber 's  results  on  the  rate  of  stimulation,  Vincent  and  Ogata  (138) 
went  again  over  the  same  ground  and  were  able  to  demonstrate  a  def- 
inite somatic  depressor  reflex.  The  depressor  response  from  somatic 
nerves,  like  that  from  the  vagus  and  depressor  nerves,  seems  to  be  due  in 
part  at  least  to  an  active  vasodilatation.  Martin  and  Mendenhall  (128) 
state  that  weak  stimuli  excite  the  vasodilator  mechanism  to  activity. 
The  result  is  a  general  drop  in  blood  pressure,  with  active  dilatation  in 
such  organs  as  are  provided  with  vasodilator  nerves.  But  this  phase 
of  the  subject  can  best  be  discussed  in  connection  with  the  vagus  and 
depressor  nerves. 

Pressor  and  depressor  reflexes  from  the  same  nerve  may  be  explained 
on  either  of  two  hypotheses.  There  may  be  two  kinds  of  afferent  vaso- 
motor fibers  in  the  nerve.  Or  there  may  be  a  single  type  and  each  such 
fiber  may  make  such  connections  in  the  central  nervous  system  that  the 
impulses  which  it  carries  can  under  appropriate  conditions  call  forth  one 
or  the  other  vasomotor  response.  According  to  current  physiological 
doctrine  there  are  at  least  two  such  types;  and  they  are  designated  as 
pressor  and  depressor  fibers  respectively.  Let  us  see  what  the  evidence 
is  on  this  point.  Stimulation  of  the  central  end  of  a  sensory  nerve  like 
the  sciatic  will  cause  a  rise  or  a  fall  of  blood  pressure  according  to  the 
conditions  of  stimulation.  If  weak,  the  stimulation  tends  to  produce  a 
drop;  if  strong  a  rise;  if  the  nerve  is  cooled  the  same  stimulus  that  before 
gave  a  rise  now  gives  a  fall;  stimulation  of  a  nerve  in  the  early  stages  of 
regeneration  will  give  a  drop  rather  than  a  rise  (141).  It  is  also  signifi- 
cant that  a  stimulus  applied  but  a  few  times  per  second  will  give  a  fall 
while  the  same  stimulus  if  rapidly  repeated  will  cause  a  rise  (142),  (143) 

PHTBIOLOOICAL  BSVIEW8,  YOL.  1,  NO.  4 


Digitized  by 


Google 


494  S.   W.   RANBON 

(138).  The  generally  accepted  explanation  of  these  facts  is  that  put 
forward  by  Hunt  (141),  (144),  namely,  that  the  afferent  vasomotor 
fibers  are  of  two  kinds:  pressor  fibers  causing  a  rise  and  depressor  fibers 
causing  a  drop  in  blood  pressure.  The  latter  are  supposed  to  be  more 
susceptible  to  weak  stimulation  and  to  stimuli  which  are  repeated  but 
a  few  times  per  second,  more  resistant  to  cooUng  and  more  rapidly 
reestabUshed  in  regeneration. 

According  to  the  accurate  quantitative  studies  of  Martin  and  Lacey 
(136)  the  threshold  for  the  pressor  reflexes  from  somatic  sensory  nerves 
is  from  20  to  200  times  as  great  as  that  for  depressor  reflexes.  They 
point  out  that  the  effect  of  the  means  used  by  Hunt  to  produce  depressor 
reflexes  (cooling  of  the  nerve  or  the  use  of  a  regenerating  nerve  contain- 
ing but  a  few  fibers)  would  be  to  prevent  massive  stimulation  from  reach- 
ing the  central  nervous  system.  The  great  difference  between  the 
thresholds  for  pressor  and  depressor  reflexes  has  been  confirmed  through 
further  work  by  Martin  and  Stiles  (130)  and  Martin  and  Mendenhall 
(128).  Since  however  the  depressor  threshold  is  of  the  same  order  of 
magnitude  as  that  for  skeletal  reflexes  it  is  not  to  be  regarded  as  excess- 
ively low.  On  the  contrary,  the  pressor  threshold  is  unusually  high 
and  far  beyond  that  for  other  sensory  fibers. 

Ranson  and  Billingsley  (145)  thought  it  hard  to  beUeve  that  two  nerve 
fibers  could  be  so  differently  constituted  that  one  should  have  athreshold 
from  20  to  200  times  greater  than  the  other  and  this  argument  has 
greater  weight  when  it  is  considered  that  the  one  with  the  lower  threshold 
agrees  in  this  respect  with  the  afferent  fibers  for  the  flexion  reflex  (146) 
and  such  preganglionic  autonomic  fibers  as  have  been  tested  (147).  In 
the  response  from  a  preganglionic  autonomic  fiber  and  in  the  flexion  reflex 
at  least  one  sjoiapse  is  involved.  Where  no  synapse  is  involved  as  in  a 
nerve  muscle  preparation  the  threshold  is  but  half  as  great  (146).  If 
the  presence  of  a  synapse  in  the  path  doubles  the  threshold  for  a  response 
one  can  easily  understand  how  the  numerous  synapses  in  the  pressor 
path  raise  the  threshold  for  the  corresponding  reflex  to  so  great  a  height 
(see  p.  498).  Gruber's  demonstration  that  the  rate  of  stimulation  of  a 
sensory  nerve  is  largely  responsible  for  the  type  of  vasomotor  response 
obtained,  that  moderate  stimuli  if  rapidly  repeated  may  cause  a  rise 
and  that  strong  stimuU  if  not  repeated  more  than  once  a  second  may 
cause  a  drop  has  been  advanced  by  Hunt  (144)  as  tending  to  weaken  the 
force  of  the  argument  just  presented.  But  to  the  present  writer 
Gruber's  results  seem  rather  to  reinforce  that  argument  since  the 
summation  which  is  obviously  involved  in  those  results  is  more  the  propn 
erty  of  the  synapse  than  of  the  nerve  fiber. 
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It  is  possible  to  frame  an  alternative  hypothesis  which  would  obviate 
the  difficulty  but  this  can  best  be  discussed  in  connection  with  the  affer- 
ent pressor  and  depressor  paths  within  the  spinal  cord. 

On  either  hypothesis  it  is  necessary  to  assiune  a  balanced  action  be- 
tween two  antagonistic  mechanisms,  the  depressor  mechanism  is  brought 
into  action  alone  by  stimuli  too  weak  or  too  slowly  repeated  to  affect  the 
pressor  mechanism.  But  the  latter  is  more  powerful  ana  wnen  once 
brought  into  action  it  quickly  overpowers  its  antagonist  (128)  (145). 

Relation  of  sensory  to  afferent  vasomotor  fibers.  The  general  somatic 
nerves  convey  in  addition  to  deep  sensibiUty  also  tactile,  thermal  and 
painful  impulses.  It  is  possible,  indeed  probable,  that  the  afferent 
vasomotor  impulses  are  not  transmitted  by  a  separate  group  of  fibers 
but  rather  by  one  or  more  of  the  groups  of  fibers  responsible  for  the 
several  modalities  of  sensation.  It  is  well  known  that  exposure  to  cold 
causes  blanching  of  the  skin  reflexly  through  the  cold  receptors  and 
sensory  fibers  of  the  skin,  and  that  warmth  causes  reflex  flushing  (148), 
(149),  (150).  Reflex  vasoconstriction  from  chilling  of  the  body  surface 
is  not  confined  to  the  skin  but  also  involves  the  mucous  membrane  of 
the  pharynx  (151).  To  produce  a  generalized  vasodilatation,  the  heat 
applied  must  not  be  of  sufficient  intensity  to  cause  pain  otherwise  a 
vasoconstrictor  reflex  will  result  (150).  Reflex  vasodilatation  from 
application  of  warm  water  to  the  skin  and  vasoconstriction  from  immer- 
sion in  cold  water  has  been  amply  demonstrated  in  man  by  clinical 
observation  (152),  (153),  (154). 

The  alteration  in  the  character  of  the  response  from  vasodilatation  to 
vasoconstriction,  as  the  warm  appUcation  becomes  painfully  hot,  indi- 
cates that  the  pain  receptors  and  pain  fibers  receive  and  convey  vaso- 
constrictor impulses..  Stimulation  of  mixed  nerve  trunks  can  of  course 
give  no  information  on  this  subject.  But  even  in  anaesthetized  animals 
it  is  possible  to  cause  well-marked  vasoconstrictor  reflexes  by  stimulation 
of  the  pain  receptors.  This  can  easily  be  demonstrated  by  rapidly  paint- 
ing an  area  of  skin  with  nitric  acid  in  a  cat  whose  blood  pressureis being 
recorded.  More  conclusive  evidence  is  given  by  an  unpublished  obser- 
vation of  Miss  Wilson  (155)  that  electrical  stimulation  of  the  cornea, 
which  contains  only  pain  receptors,  causes  a  well-marked  pressor 
response. 

It  is  clear  that  stimulation  of  the  heat  receptors  causes  vasodilatation, 
and  of  the  cold  and  pain  receptors  vasoconstriction,  but  the  case  is  not 
so  clear  for  tactile  receptors.  The  classical  observation  in  this  con- 
nection is  that  of  Griitzner  and  Heidenhain  (156).    These  investigators 
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found  that  gently  stroking  or  blowing  on  the  hair  of  cnrarized  but 
nnanesthetized  rabbits  caused  vasoconstriction;  and  Langley  (157)  was 
able  to  confirm  these  results  in  decerebrate  rabbits.  But  Martin, 
Franklin  and  Hield  (150)  found  that,  while  vasoconstriction  could  be 
produced  in  one  ear  by  blowing  on  the  other  ear  in  the  normal  iman- 
esthetized  rabbit,  only  a  suggestion  of  such  a  response  could  be  obtained 
after  decerebration.  The  same  was  true  for  the  response  produced  by 
shrill  whistling.  They  conclude  that  mild  tactile  and  auditory  stimu- 
lation is  productive  of  vasoconstriction  only  when  it  operates  to  bring 
about  psychic  excitation,  which  latter  is  the  immediate  cause  of  the 
vasomotor  activity.  But  the  responses  to  thermal  stimuli  are  of  reflex 
origin  and  persist  after  decerebration.  The  reflex  character  of  the 
thermal  vasomotor  reactions  has  also  been  demonstrated  by  Winkler 
(158).  These  facts  agree  with  the  results  of  Ranson  and  Billingsley 
(159)  who  worked  on  the  dorsal  roots  of  the  cat  and  foimd  that  the  pressor 
reflex  was  obUterated  by  section  of  the  lateral  division  of  the  root,  which 
for  many  reasons  is  l;)elieved  to  contain  the  pain  and  temperature  fibers; 
while  this  reflex  was  not  affected  by  section  of  the  medial  division,  which 
probably  contains  the  tactile  fibers  (160).  The  relation  of  the  afferent 
vasomotor  fibers  to  the  several  varieties  of  sensory  fibers  deserves  further 
investigation. 

Afferent  vasomotor  paths  within  the  spinal  cord.  Ranson,  von  Hess, 
and  Billingsley  (131),  (159),  (161),  (162,  (163)  have  investigated  in  cats 
the  afferent  paths  within  the  spinal  cord  for  vasomotor  reflexes.  They 
foimd  that  the  pressor  fibers  enter  the  cord  through  the  lateral  division 
of  the  dorsal  root.  This  division  of  the  root  is  composed  chiefly  of  im- 
myelinated  fibers  which  enter  the  tract  of  Lissauer,  while  the  medial 
division  is  formed  of  myelinated  fibers  that  enter  the  posterior  funiculus. 
In  the  first  sacral  dorsal  root  these  divisions  are  so  placed  that  either 
may  be  cut  without  appreciable  damage  to  the  other.  Section  of  the 
medial  division  had  no  effect  on  the  pressor  reflex,  while  section  of  the 
lateral  division  obliterated  that  reflex.  Unfortunately  no  tests  of  the 
depressor  response  were  made  on  these  roots.  In  keeping  with  these 
observations  on  the  dorsal  roots  is  the  easily  demonstrated  fact  that 
section  of  the  posterior  funiculus,  which  contains  the  ascending  branches 
of  the  fibers  of  the  medial  divisions  of  the  dorsal  roots,  is  without  effect 
on  the  vasomotor  reflexes.  On  the  other  hand  bilateral  destruction  of 
the  apex  of  the  posterior  horn  (substantia  gelatinosa  Rolandi)  and  the 
overljdng  tract  of  Lissauer  obUterated  the  pressor  reflex  from  central 
stimulation  of  the  sciatic  nerve.    Such  a  lesion  does  not,  however, 
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interfere  with  the  depressor  reflex  from  that  nerve.  On  the  other  hand, 
bilateral  section  of  the  lateral  funiculi  eliminates  the  depressor  without 
decreasing  the  pressor  response.  These  experiments  demonstrate  that 
the  two  tjrpesof  afferent  vasomotor  impulses  travel  separate  paths  in  the 
cord. .  The  pressor  path  is  located  in  the  apex  of  the  posterior  horn  and 
the  tract  of  Lissauer,  while  the  depressor  path  is  in  the  lateral  fimiculus. 
Unilateral  lesions  demonstrate  that  the  afferent  vasomotor  impulses, 
induced  by  the  stimulation  of  a  nerve  or  nerves  on  one  side  of  the  body, 
travel  up  both  sides  of  the  cord.  But,  while  the  conduction  of  depressor 
impulses  is  somewhat  better  on  the  contralateral  side,  the  pressor  im- 
pulses seem  to  ascend  about  equally  well  on  both  sides.  The  location  of 
the  depressor  path  in  the  lateral  funiculus  might  suggest  that  it  was 
identical  with  the  spinothalamic  tract;  but  the  fact  that  decerebration 
does  not  obliterate  either  the  depressor  or  the  pressor  reflex  shows  that 
both  of  these  arcs  are  complete  below  the  thalamus. 

It  is  well  known  that  the  trigeminal  nerve  gives,  when  stimulated,  the 

same  vasomotor  response  as  a  spinal  nerve.    Now  it  is  also  known  from 

clinical  evidence  that  pain  and  temperature  sensations  for  the  face  are 

mediated  through  the  spinal  tract  of  the  trigeminal  nerve  which  descends 

through  the  medulla  to  become  continuous  with  the  tract  of  Lissauer  in 

the  spinal  cord.    Lesions,  destrojdng  the  spinal  tract  of  the  fifth  nerve, 

cause  loss  of  pain  and  temperature  sensation  on  the  corresponding  side 

of  the  face  without  impairment  of  touch  (Winkler  (164)  and  many 

others).    Here  is  offered  again  an  opportunity  to  compare  the  course  of 

the  pressor  impulses  with  that  of  the  afferent  impulses  underlying  pain 

and  temperature  sensations.    This  test  has  recently  been  applied  by 

Miss  Wilson  (155)  on  the  cat;  and  she  has  demonstrated  that  the  pressor 

impulses  also  descend  through  the  spinal  tract  of  the  fifth  nerve. 

Section  of  this  tract  in  the  upper  part  of  the  medulla  obliterates  the 

pressor  response  from  the  corresponding  trigeminal  nerve  although  the 

connection  of  that  nerve  with  its  main  sensory  nucleus  is  not  interrupted 

and  although  tactile  sensibility  has  not  been  impaired.    The  spinal 

tract  of  the  fifth  nerve   and   its   nucleus  forms   with  the  tract  of 

Lissauer  and  the  substantia  gelatinosa  Rolandi  a  continuous  column; 

and  so  closely  does  the  cranial  part  of  this  column  resemble  the  spinal 

part  that  it  is  not  possible  to  tell  where  one  ends  and  the  other  begins. 

We  now  know  that  this  column  receives  the  pressor  impulses  from  the 

trigeminal  as  well  as  from  the  spinal  nerves. 

Since  the  fibers  in  the  tract  of  Lissauer  and  the  apex  of  the  posterior 
horn  are  all  short,  the  pressor  path,  which  as  we  have  seen  runs  through 
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this  part  of  the  cord,  must  be  composed  of  chains  of  short  neurons  with 
many  synapses.  On  the  other  hand  the  depressor  path  in  the  lateral 
funiculus  is  composed  of  long  fibers.  It  seems  clear  that  the  different 
anatomical  characteristics  of  these  two  spinal  paths  are  sufiSicient  to  ac- 
coimt  for  the  two  types  of  vasomotor  reflexes  without  the  necessity  of 
assuming  the  existence  of  two  kinds  of  afferent  vasomotor  nerve  fibers. 
The  facts  which  originally  lead  to  this  assumption  are  more  easily 
explained  by  the  characteristics  of  these  two  spinal  paths.  Very  strong 
stimuli  or  rapidly  repeated  stimuli  of  moderate  strength  are  well  suited 
to  break  down  the  high  synaptic  resistance  in  thepressorpathandforthis 
reason  are  able  to  cause  a  rise  in  blood  pressure.  Weaker  stimuli,  that  is 
such  as  are  of  the  same  order  of  magnitude  as  those  required  to  produce 
skeletal  reflexes,  are  able  to  make  their  way  to  the  vasomotor  center 
through  long  fibers  of  the  depressor  path  in  the  lateral  funiculus.  It  is 
also  in  keeping  with  this  theory  that  the  depressor  should  reach  the  vaso- 
motor center  before  the  pressor  impulses  and  that  the  latent  period  for 
reflex  vasodilatation  should  be  less  than  for  vasoconstriction  (128). 
This  longer  latent  period  of  the  vasoconstrictor  response  from  strong 
stimulation  will  be  hard  to  explain  on  the  basis  of  two  kinds  of  afferent 
fibers. 

The  demonstration  of  these  two  afferent  vasomotor  paths  in  the  spinal 
cord  does  not  of  course  exclude  the  possibihty  that  there  may  also  be 
separate  pressor  and  depressor  fibers  in  the  peripheal  nerves.  That 
there  is  a  certain  amoimt  of  truth  in  this  assumption  is  shown  by  the 
differences  in  the  response  to  stimulation  of  the  heat  and  cold  nerve 
endings  in  the  skin.  But  many  of  the  facts  which  could  previously  be 
explained  only  on  the  basis  of  this  assumption  are  now. more  readily 
accounted  for  in  another  manner. 

Afferent  vasomotor  paths  from  the  viscera.  Because  of  the  depressor 
responses  obtained  from  the  glossopharyngeal,  vagus  and  splanchnic 
nerves  as  well  as  from  the  depressor  nerve,  one  might  be  justified  in  as- 
suming that  afferent  impulses  arising  in  the  viscera  are  much  more  likely 
to  cause  a  drop  in  blood  pressure  than  those  coming  through  somatic 
nerves.  With  this  in  mind  Ranson  and  BiUingsley  (163)  suggested  that 
this  might  be  due  to  the  fimdamentally  different  central  connections  of 
visceral  and  somatic  afferent  fibers.  The  one  group  makes  connection 
with  the  visceral  column  of  afferent  nuclei  and  the  other  with  the  somatic 
colimm;  and  the  secondary  afferent  paths  from  these  two  nuclear  col- 
imms  are  not  the  same. 

But  the  problem  is  much  more  compUcated  than  it  appears  at  first 
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glance.  Vasoconstrictor  responses  are  readily  obtained  from  certain 
visceral  nerves.  Miller  (l65)  found  that  stimulation  of  the  central  end 
of  the  gastric  vagus  in  anaesthetized  rabbits  caused  a  rise  in  blood  pres- 
sure; but  in  cats  the  response  was  complicated  by  the  vomiting  that  the 
stimulation  induced.  Dmitrenko  (166)  foimd  that  inflation  of  a  rubber 
balloon  in  a  dog's  stomach  was  followed  by  a  reflex  rise  in  blood  pressure 
along  with  acceleration  and  deepening  of  the  respiration.  The  same 
reflex  was  also  produced  by  stimulation  of  the  peritoneal  covering  of  the 
stomach  and  by  contraction  of  the  stomach  however  produced.  Stimu- 
lation of  the  mucosa  was  without  effect.  He  argues  that  vasocon- 
strictor impulses  may  be  initiated  in  the  muscular  and  serous  coats  of 
the  stomach  but  not  in  the  mucosa.  Carlson  (167)  has  shown  that 
rhythmic  changes  in  circulation  run  parallel  to  the  himger  contractions 
of  the  empty  stomach.  The  plethysmograph  showed  an  increase  in  the 
volume  of  the  arm  (vasodilatation)  pari  passu  with  increasing  tonus  of 
the  stomach.  Since  this  occiured  when  the  subject  was  asleep  the  in- 
ference is  that  the  reaction  is  reflex  in  character.  When  hot  or  cold  water 
is  introduced  into  the  stomach  in  quantities  of  50  to  100  cc.  at  a  time 
there  nearly  always  results  a  vasoconstriction  as  registered  by  the 
plethysomgraph  on  the  arm.  But  since  this  response  can  not  be  ob- 
tained when  the  subject  is  asleep,  Carlson  thinks  it  is  due  mainly  to  the 
effect  of  conscious  processes  on  the  vasomotor  center. 

It  has  been  thought  by  some  that  vasodilatation  resulting  from  hand- 
ling the  intestines  was  a  factor  in  the  production  of  shock  in  laporot- 
omies;  but  Seelig  and  Lyon  (168)  and  Mims  (169)  have  shown  that 
manipulation  and  chiUing  of  the  intestines  leads  to  vasoconstriction  of 
the  vessels  of  the  leg. 

Even  the  depressor  nerve  of  the  rabTi)it  has  a  connection  with  the  vaso- 
constrictor center  as  has  been  demonstrated  by  Stewart  and  Pike  (45). 
They  have  shown  that  at  a  certain  stage  in  resuscitation  after  cerebral 
anemia,  only  pressor  responses. may  be  obtained  by  stimulating  the 
depressor.  Under  the  same  conditions  the  response  from  central  stimu- 
lation of  the  cat's  vagus,  which  normally  is  a  drop,  becomes  a  rise  in  pres- 
sure. Fafanow  and  Tschalussow  (127)  state  that  there  is  no  ground 
for  regarding  the  depressor  nerve  as  composed  exclusively  of  depressor 
fibers.  That  nerve  is  a  branch  which  in  certain  animals  is  given  oflf  from 
the  vagus  and  like  the  vagus  it  contains  both  pressor  and  depressor  fibers. 

Stimulation  of  the  central  end  of  the  vagus  causes  the  opposite  response 
in  the  dog  from  that  which  it  does  in  the  cat.  In  the  dog  the  usual  re- 
sponse is  a  rise  in  blood  pressure;  in  the  cat  it  is  a  fall  (170).     This  is 
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particularly  interesting  in  connection  with  the  facts  regarding  the  vaso- 
motor reactions  obtainable  from  the  central  end  of  the  splanchnic  in  these 
animals. 

In  dogs  the  vasomotor  reflex  from  the  splanchnic  nerve  closely  resem- 
bles that  from  the  depressor  nerve  in  the  rabbit.  Auer  and  Meltzer 
(171)  did  not  obtain  a  rise  from  central  stimulation  of  the  dog's  splanch- 
nic in  a  single  case  but  rather  drops  in  blood  pressure  amoimting  in  some 
cases  to  as  much  as  60  nmi.  Burton-Opitz(172),  (173),  working  with 
dogs  anesthetized  with  ether,  found  that  stimulation  of  the  central  end  of 
the  thoracic  sympathetic  caused  a  marked  fall  in  blood  pressure  unless 
the  stimulus  was  too  strong.  He  regards  the  splanchnic  nerve  as  the 
depressor  nerve  for  the  abdominal  viscera.  In  the  cat,  on  the  other 
hand,  stimulation  of  the  central  end  of  the  splanchnic  nerve  causes  a  rise 
in  blood  pressure  comparable  to  that  obtained  from  the  sciatic.  This 
fact  was  noted  by  Auer  and  Meltzer.  Davis  (174)  has  foimd  that  any 
stimulus  strong  enough  to  produce  a  reflex  vascular  response  through  the 
cat's  splanchnic  nerve  always  causes  a  rise.  He  has  not,  however, 
checked  his  results  by  the  use  of  stimuli  repeated  but  a  few  times  per 
second,  and  it  is  possible  that  in  this  way  depressor  responses  might  be 
obtained  from  the  splanchnic  nerve  of  the  cat. 

In  the  dog,  then,  stimulation  of  the  central  end  of  the  vagus  ordinarily 
gives  a  rise  in  blood  pressure  while  a  fall  is  obtained  from  the  central  end 
of  the  splanchnic.  In  the  cat,  on  the  other  hand,  a  fall  is  the  usual 
response  obtained  from  the  vagus,  while  the  splanchnic  gives  a  rise.  The 
interpretation  of  these  facts  must  await  further  investigation. 

The  depressor  will  imder  almost  all  conditions  of  stimulation  yield  a 
depressor  reflex.  In  the  rabbit  and  some  other  animals  it  appears  as  a 
separate  strand  accompanying  the  vagus.  The  fibers  of  this  nerve 
terminate  in  the  waU  of  the  aorta  (97)  where  they  are  stimulated  by  an 
increase  in  blood  pressure.  Their  function  is  to  serve  as  an  automatic 
check  against  excessive  arterial  tension  by  reflexly  slowing  the  heart  (96) 
and  relaxing  the  arteries.  This  vascular  reaction  is  not  confined  to  the 
splanchnic  area  alone  but  affects  other  parts  of  the  body  as  well  (175), 
(176),  (127).  Fafanow  and  Tschalussow  state  that  stimulation  of  the 
depressor  causes  a  dilation  of  the  vessels  in  the  entire  body.  Dilatation 
of  the  vessels  of  the  kidney  as  well  as  those  of  the  spleen  results  from  de- 
pressor stimulation  as  Sollmann  and  Pilcher  (177)  demonstrated  by  the 
perfusion  method. 

Sollmann  and  Brown  (179)  have  described  what  appears  to  be  a  new 
depressor  reflex.    After  division  of  the  common  carotid  artery  traction 
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on  its  cephalic  end  causes  a  fall  in  blood  pressure,  the  origin  of  which  they 
traced  to  the  nerve  plexus  which  surrounds  the  beginning  of  the  internal 
carotid.  The  reaction  was  not  affected  by  section  of  the  vagus  or  of  the 
spinal  nerves.  There  is  a  small  branch  from  the  glossopharyngeal  nerve 
to'the  carotid  body  and  internal  carotid  artery  (180),  (182).  The  exis- 
tence of  this  branch  in  the  cat,  dog  and  man  has  been  confirmed  by  Bill- 
ingsley  and  Wilson  (183),  and  its  relations  are  such  that  it  would  have 
been  put  under  tension  in  the  experiments  just  described.  In  view  of 
the  ease  with  which  depressor  reactions  can  be  obtained  from  the  glos- 
sopharyngeal nerve  it  may  be  that  this  branch  was  responsible  for  the 
carotid  reflex. 

With  regard  to  the  intramedullary  course  of  the  afferent  impulses  from 
the  viscera  very  little  is  known.  From  anatomical  evidence  it  is  known 
that  the  visceral  afferent  fibers  of  the  glossopharyngeal  and  vagus  nerves 
run  downward  in  the  medulla  within  the  tractus  solitarius  and  terminate 
in  the  nucleus  associated  with  that  tract.  From  this  visceral  receptive 
nucleus  the  afferent  vasomotor  impulses  carried  by  these  nerves  must 
make  their  way  directly  or  indirectly  to  the  vasomotor  centers.  Even 
less  is  known  concerning  the  course  of  visceral  afferent  impulses  within 
the  spinal  cord.  Davis  (174)  has  recently  demonstrated  that  the  pressor 
impulses,  caused  by  stimulation  of  the  central  end  of  the  splanchnic  nerve 
in  the  cat,  do  not  follow  the  same  path  upward  in  the  spinal  cord  as  do 
the  pressor  impulses  generated  by  stimulation  of  the  somatic  nerves. 
Division  of  the  posterior  funiculus  and  the  posterior  gray  coliunns  of 
the  cord  at  the  level  of  the  first  thoracic  segment  does  not  affect  the 
pressor  reflex  from  the  splanchnic,  although  it  does  obliterate  this  re- 
action from  the  sciatic  nerve.  Davis  thus  confirms  the  observation  of 
Ranson,  von  Hess  and  BiUingsley  (161),  (162)  that  the  afferent  pressor 
path  from  the  somatic  nerves  is  in  the  tract  of  Lissauer  and  apex  of  the 
posterior  gray  colimm,  and  at  the  same  time  demonstrates  that  this  path 
does  not  serve  for  the  conduction  of  pressor  impulses  from  the  viscera. 
Transection  of  the  cord  at  the  level  of  the  first  thoracic  segment  does 
obUterate  the  response  from  the  splanchnic,  indicating  that  it  is  not  a 
purely  spinal  reflex.  The  impulses  concerned  must  ascend  to  the 
medulla  in  either  the  lateral  or  the  ventral  funiculus. 

The  relation  of  the  depressor  paths  to  the  vasomotor  centers.  It  has  quite 
generally  been  assxmied  that  the  depressor  responses  are  due  to  an  inhi- 
bition of  the  vasoconstrictor  center  but  as  we  shall  see  this  represents 
only  half  the  truth.  The  drop  in  blood  pressure  has  in  reality  a  double 
origin  without  taking  into  consideration  the  factor  of  cardiac  inhibition. 
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Bayliss  (129)  has  clearly  demonstrated  the  double  nature  of  the  response 
to  central  vagus  excitation  in  the  vessels  of  the  cat's  saUvary  gland.  An 
increased  rate  of  flow  through  the  gland  was  obtained  even  after  elim- 
ination of  the  vasoconstrictor  fibers  by  section  of  the  cervical  sympa- 
thetic trunk;  indicating  that  there  is  a  true  reflex  vasodilatation  and  not 
merely  an  inhibition  of  constrictor  tone.  Since,  however,  central  vagus 
excitation  caused  an  increased  flow  of  blood  through  the  gland  when  the 
cervical  S3anpathetic  was  intact  and  the  dilator  nerve,  the  chorda  tym- 
pani,  cut,  it  is  evident  that  a  part  of  the  result  is  due  to  an  inhibition 
of  vasoconstrictor  tone.  Fofanow  (184),  Tschalussow  (185),  (186)  and 
Fofanow  and  Tschalussow  (127)  have  presented  evidence  that  an  active 
vasodilatation  is  induced  by  depressor  stimulation.  In  their  j  oint  papers 
pubUshed  in  1913  these  authors  divide  those  who  have  investigated  the 
action  of  the  depressor  and  vago-depressor  nerves  into  three  groups. 
The  majority,  they  say,  have  interpreted  the  results  as  due  to  an  inhi- 
bition of  the  vasoconstrictor  center,  while  the  second  group,  who  attrib- 
ute the  action  to  a  stimulation  of  a  vasodilator  center,  includes  only  one 
recent  investigator,  Francois-Frank  (187).  The  third  group,  including 
Bayliss  and  themselves,  consists  of  investigators  who  regard  the  effect  as 
due  both  to  a  stimulation  of  the  dilator  center  and  an  inhibition  of  the 
constrictor  center. 

The  experiments  of  Fofanow  and  Tschalussow  (127)  are  more  than 
usually  instructive.  They  determined  the  change  in  volume  of  the 
tongue  and  hind  limb,  due  to  reflex  vasodilatation  in  dogs  and  cats  in 
which  the  vasoconstrictors  to  these  parts  had  been  eliminated.  Under 
these  conditions  they  obtained  clear  cut  vasodilator  reflexes  in  both  the 
tongue  and  the  hind  limb  from  the  stimulation  of  the  vago-depressor 
nerve.  They  conclude  that  depressor  stimulation  causes  an  excitation 
of  the  vasodilator  center  as  well  as  an  inhibition  of  the  constrictor  center. 

Similar  results  have  been  obtained  by  Tschalussow  (186)  on  the  nose. 
He  was  able,  after  elimination  of  the  constrictor  fibers  by  division  of  both 
sympathetic  trunks  in  the  neck,  to  obtain  reflexly  an  active  vasodilata- 
tion of  the  vessels  of  the  nasal  mucous  membrane.  Martin  and  Menden- 
hall  (188),  have  confirmed  the  result  of  Tschalussow  and  demonstrated 
again  the  occurrence  of  an  active  vasodilatation  in  the  nasal  mucous 
membrane.  They  also  showed  that  weak  stimuU  appUed  to  somatic 
afferent  nerves  cause  vasodilatation  and  strong  stimuU  vasoconstriction 
in  the  vessels  of  the  nose.  This  makes  it  clear  that  these  vessels  share 
actively  in  the  reflex  changes  in  blood  pressure.  While  admitting  that 
strong  stimulation  of  the  vago-depressor  nerve  acts  in  an  inhibitory  man- 
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ner  on  the  vasoconstrictor  center,  Martin  and  Stiles  (189)  and  Martin 
and  Mendenhali  (128)  do  not  agree  with  Bayliss'  (129)  theory  that  an 
inhibition  of  the  vasodilator  center  occurs  during  pressor  stimulation. 

Martin  and  Stiles  (130)  have  shown  that  when  the  vago-depressor 
nerve  is  stimulated  it  is  possible  to  secure  by  the  use  of  carefully 
graded  stimuli  two  types  of  reflex  fall  of  blood  pressure.  They  found 
that  the  vago-depressor  nerve  in  the  cat  has  two  thresholds.  One  of 
these  is  low  like  that  for  depressor  reflexes  from  somatic  nerves;  and 
stimuli  of  this  grade  jdeld  a  moderate  but  transient  fall  in  blood  pressure 
which  shows  a  tendency  to  recover  within  a  period  of  thirty  seconds. 
The  other  threshold  is  very  high  like  that  for  pressor  responses  from  the 
somatic  nerves.  StimuU  above  this  threshold  jdeld  a  much  greater 
drop  which  persists  for  a  longer  period.  They  attribute  the  first  response 
to  stimulation  of  the  vasodilator  mechanism  and  the  second  to  an  inhi- 
bition of  the  vasoconstrictor  center.  It  would  appear  from  the  work  of 
Martin  and  his  associates  that  the  threshold  of  the  vasoconstrictor 
center  is  high  both  for  excitatory  and  inhibitory  afferent  impulses. 

Since  it  has  been  demonstrated  that  the  depressor  reflex  involves  an 
active  vasodilatation  as  well  as  the  inhibition  of  vasoconstrictor  tone, 
there  has  been  a  tendency  on  the  part  of  some  authors  to  postulate  the 
existence  of  afiferent  vasodilator  fibers  in  addition  to  pressor  and  de- 
pressor fibers.  Martin  and  Stiles  (130)  state  that  a  given  sensory  nerve 
may  contain  both  depressor  and  excito-dilator  fibers  or  the  same  fibers 
may  make  central  connections  such  as  to  mediate  both  reactions.  The 
latter  assimiption  seems  the  more  reasonable. 

Since  the  vasomotor  mechanism  is  obviously  intended  to  regulate  the 
flow  of  blood  through  the  several  organs  according  to  their  varying  needs 
at  different  times,  one  might  assume  that  the  various  afferent  nerves 
would  possess  special  relations  with  the  vasomotor  centers  whereby  each 
could  give  its  own  particular  type  of  vasomotor  response  which  would  dif- 
fer in  the  localities  affected  from  that  caused  by  any  other  nerve.  It  is 
surprising  that  very  Uttle  if  any  clear  evidence  of  such  a  specific  action 
has  been  obtained.  Porter  and  Beyer  (176)  seem  to  be  the  only  investi- 
gators who  have  attacked  this  interesting  problem  directly.  They 
could  however  obtain  no  evidence  that  the  depressor  nerve  forms  special 
connections  with  the  cells  which  control  the  vaso-motor  fibers  of  the 
splanchnic  nerves.  In  this  their  results  agree  with  those  of  Bayliss 
(129),  (175),  Sollman  and  Hlcher  (177),  and  Fofanow  and  Tschalussow 
(127).  Porter  and  Beyer  conclude  that  the  fibers  of  the  depressor  nerve 
probably  connect  in  the  same  way  with  all  the  cells  in  the  bulbar  vaso- 
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motor  center  and  that  there  is  no  reason  to  suppose  that  other  afferent 
vasomotor  nerves  differ  in  this  respect  from  the  depressor  nerve.  Affer- 
ent vasomotor  fibers  would  thus  influence  all  the  bulbar  vasomotor 
cells  aUke  and  the  bulbar  center  would  have  no  part  in  the  distribution 
of  the  blood  to  the  several  organs  or  regions  of  the  body.  This  question 
is  so  fundamental  that  it  deserves  further  study. 

A  question  aUied  to  that  just  discussed  concerns  vasomotor  summa- 
tions. This  has  been  considered  by  Martin  and  Stiles  (189),  (190)  who 
worked  with  cats  anesthetized  with  urethane.  The  fatigue  which 
quickly  cuts  short  the  pressor  response  is  on  the  afferent  side.  By  suc- 
cessive stimulation  of  widely  separated  afferent  nerves  they  could  main- 
tain the  blood  pressure  at  an  increased  height  for  many  minutes.  The 
superior  reinforcing  power  of  a  distant  nerve  may  be  accounted  for  on 
the  theory  that  its  afferent  connections  with  the  center  are  unimpaired 
by  previous  use ;  or  it  might  be  supposed  that  it  has  access  to  a  fraction  of 
the  central  mechanism  not  previously  stimulated  and  through  this  to  a 
fresh  set  of  vessels.  Depressor  simmiation  is  more  pronounced  when  one 
of  the  afferent  nerves  excited  is  the  vago-depressor  tnmk  than  when  the 
smnmation  is  secured  by  stimulation  of  two  afferent  nerves  other  than 
the  vagus.  The  antagonism  between  pressor  and  depressor  influences 
is  shown  to  have  the  character  of  algebraic  summation.  The  after 
effect  of  pressor-depressbr  summations  is  typically  a  transient  fall  in 
blood  pressure,  suggesting  that  the  depressor  influence  in  masked  but  not 
destroyed  by  concurrent  pressor  excitation.  In  the  opinion  of  Martin 
and  Stiles  the  nature  of  this  after-effect  indicates  that  depressor  and 
pressor  influences  act  upon  different  parts  of  the  central  mechanism  in 
such  a  manner  that  each  exerts  its  normal  effect  in  the  presence  of,  but 
masked  by,  the  other. 

Vasodilator  axon  reflexes.  An  entirely  new  aspect  has  been  given  to 
the  question  of  vasodilator  phenomena  by  the  researches  of  Bayliss 
(191),  (192).  His  investigations  show  that  the  dorsal  roots  contain 
vasodilator  fibers,  which  do  not  pass  into  the  sympathetic  chain  nor 
degenerate  when  cut  between  the  spinal  cord  and  the  ganglion.  Since 
these  fibers  do  degenerate  when  the  spinal  gangUa  are  excised,  he  regards 
them  as  being  identical  with  the  ordinary  sensory  fibers  whose  peripheral 
terminals  must  therefore  serve  both  as  sensory  and  as  efferent  vasodilator 
endings.  He  beheves  that  in  some,  if  not  in  all  cases  of  reflex  vascular 
dilatation  of  the  limbs  there  is  a  production  of  antidromic  nerve  impulses 
in  the  posterior  root  fibers,  that  is  to  say,  these  fibers  serve  as  the  efferent 
limb  of  the  vasodilator  reflex  arc.    In  their  efferent  capacity  these  fibers 
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do  not  concern  us  in  this  paper  but  a  knowledge  of  their  double  peripheral 
connection  is  essential  for  an  understanding  of  the  axon  reflexes  that 
lead  to  local  vasodilatation.  This  phenomenon  was  first  carefully  studied 
by  Bruce  (122).  He  found  that  the  inflanunatory  dilatation  of  the 
conjunctival  blood  vessels,  produced  by  a  drop  of  mustard  oil  in  the  eye, 
is  not  affected  by  total  section  of  the. spinal  cord  nor  of  the  dorsal  roots 
proximal  to  the  ganglion  nor  of  the  same  distal  to  the  ganglion  imless  time 
is  allowed  for  degeneration.  But  if  the  sensory  fibers  are  degenerated  or 
if  the  part  is  under  the  influence  of  an  anesthetic  the  vasodilatation  does 
not  occur.  The  peripheral  sensory  fiber  must  be  blocked;  the  mere 
exclusion  of  painfid  sensation  is  not  suflicient  to  eliminate  the  reflex. 
Bruce  believes  that  the  sensory  nerve  fibers  divide  peripherally  into  two 
branches  one  with  a  sensory  ending  the  other  with  a  terminal  in  the  wall 
of  a  blood  vessel.  Local  vasodilatation  is  an  axon  reflex  through  the  two 
branches  of  the  same  fiber.  These  results  have  been  confirmed  by  Jan- 
uschka  (193)  and  Bardy  (194).  The  latter  author  found  that  the  re- 
action was  eliminated  by  suitable  doses  of  nicotine  and  argues  that  the 
branch  of  the  sensory  fibers  going  to  the  blood  vessel  does  not  end  directly 
in  the  musculature  of  the  vessel  wall  but  acts  through  the  intermediation 
of  a  neighboring  sympathetic  ganglion  cell.  Richardson  and  Wyatt 
(195)  extended  the  observations  to  the  cutaneous  nerves  of  the  limbs. 
An  increase  in  voliune  of  the  limb  was  obtained  by  stimulating  the  cut 
cutaneous  nerves  outside  the  plethysmograph  or  by  stimulation  of  the 
skin  inside  the  plethysmograph.  Cocain  applied  to  the  skin  eliminated 
the  reflex  from  cutaneous  stimulation.  A  clear  statement  of  the  known 
facts  in  regard  to  vasomotor  axon  reflexes  has  been  given  by  Whelan 
(196). 

Although  the  work  of  Bayliss  and  Bruce  seems  to  have  been  amply 
comfirmed  there  are  those  who  do  not  believe  in  the  existence  of  a  vaso- 
dilator axon  reflex.  Ebbecke  (197)  thinks  that  the  centers  for  the  local 
vasodilator  reflexes  are  located  within  the  corresponding  segments  of 
the  spinal  cord.  Fofanow  and  Tschalussow  (127)  are  of  the  opinion  that 
the  vasodilator  fibers  of  the  dorsal  roots  are  of  intraspinal  origin.  Ste- 
venson and  Reid  (198)  could  find  only  minor  differences  between  the 
reactions  to  mustard  oil  in  the  normal  and  anesthetic  eye  and  say  that 
their  experiments  give  little  support  for  the  theory  of  an  axon  vaso- 
dilator reflex. 

Pvlmonary  and  portal  vasomotor  reflexes.  Not  much  is  known  concern- 
ing the  efferent  side  of  the  vasomotor  control  of  the  pulmonary  and 
portal  circulation  and  even  less  concerning  the  reflex  control  of  blood 
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vessels  in  these  teritorites.  Henderson  (199)  and  Hooker  (200)  have 
found  evidences  of  vasomotor  reflexes  in  the  portal  system;  and  Schafer 
(201)  and  Luckhardt  and  Carlson  (202)  have  demonstrated  that  the 
pulmonary  circulation  may  be  influenced  reflexly  through  the  nervous 
system. 

Reflexes  op  the  alimentary  tract.  The  central  nervous  eystem 
has  relatively  Uttle  to  do  with  the  control  of  the  movments  of  the  stomach 
and  intestines,  which  are  regulated  for  the  most  part  by  the  plexuses  of 
Auerbach  and  Meissner.  Since  next  to  nothing  is  known  about  the 
structure  of  these  plexuses  and  of  the  interrelations  of  the  nervous  ele- 
ments which  compose  them  the  problems  relating  to  the  control  of  the 
movements  of  the  alimentary  tract  are  very  baf3ing. 

Oastric  reflexes.  As  has  been  said,  the  movements  of  the  stomach  are 
primarily  under  the  control  of  its  intrinsic  plexuses.  When  isolated  from 
all  extrinsic  nervous  connections  and  removed  from  the  body  the  stomach 
adapts  itself  to  the  volimie  of  its  contents  (203).  Gastric  peristalsis 
continues  after  large  doses  of  nicotine  have  blocked  the  path  from  the 
central  nervous  system  (204).  According  to  Carlson  (205)  all  the 
essential  features  of  the  hunger  contractions  are  determined  by  the  local 
neuromuscular  mechanism;  but  these  contractions  may  be  modified  and 
regulated  through  the  gastric  nerves.  While  the  vagus  exerts  relatively 
Uttle  effect  on  the  hunger  mechanism,  Rogers  (206),  working  on  decere- 
brated dogs  with  divided  splanchnics,  obtained  spasmodic  contractions  of 
the  entire  stomach  by  the  central  stimulation  of  one  vagus,  the  other 
vagus  being  intact.  On  the  other  hand,  the  splanchnics  exert  an  inhib- 
itory effect  on  gastric  contractions  and  this  inhibition  is  readily  rein- 
forced reflexly  by  afferent  impulses  from  many  sources.  Carlson  (207) 
f  oimd  that  stimulation  of  the  gastric  mucosa  caused  an  inhibition  of  the 
tonus  of  the  stomach  and  of  the  himger  contractions  and  demonstrated 
that  this  inhibition  was  in  part  dependent  on  the  central  nervous  system. 
In  this  case  the  afferent  impulses  probably  travel  up  the  vagus.  The 
contractions  of  the  empty  stomach  may  also  be  inhibited  by  stimulation 
of  the  taste  buds  and  by  the  mechanical  stimulation  of  the  afferent  nerve 
endings  in  the  mouth  caused  by  chewing  indifferent  substances  (208). 
As  shown  by  Cannon  and  Lieb  (209)  swallowing  causes  a  receptive 
relaxation  of  the  stomach  which  is  dependent  upon  the  integrity  of  the 
vagi.  Reflex  inhibition  of  the  hunger  contractions  may  be  obtained 
from  the  intestinal  mucosa.  Brunemeier  and  Carlson  (210)  have  shown 
that  when  the  vagi  and  splanchnics  are  intact  all  mechanical  and  chemi- 
cal stimulation  of  the  upper  part  of  the  intestinal  mucosa  inhibits  gastric 
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tonus  and  hunger  contractions.  But  when  these  nerves  are  cut  mhi- 
bition  from  the  intestmal  mucosa  is  less  marked,  has  a  greater  latent 
period,  and  is  of  shorter  duration.  Hence  cerebrospinal  as  well  as  local 
reflex  paths  are  involved  in  this  as  in  the  similar  response  from  the 
gastric  mucosa. 

Reflex  gastric  hypermotility  may  result  from  irritation  of  the  gall 
bladder,  duodenum  or  appendix  and  these  organs  may  be  assimied  to  be 
three  of  the  possible  foci  of  reflex  gastric  stimulation  (211). 

By  means  of  the  local  reflex  mechanism  acid  gastric  contents  causes  an 
increased  tone  of  the  cardiac  sphincter  which  prevents  regurgitation  into 
the  esophagus  (212) .  But  the  tone  of  this  sphincter  is  also  influenced  by 
nervous  impulses  reaching  it  over  long  reflex  arcs.  Each  act  of  swallow- 
ing is  accompanied  by  a  relaxation  followed  by  an  increased  contraction 
of  the  cardia.  In  both  cases  the  efferent  path isin the  vagus  (203),  (209). 
That  this  is  a  true  reflex  by  way  of  the  vagus  is  shown  by  the  fact  that 
Meltzer  and  Auer  (213),  secured  the  same  relaxation  followed  by  con- 
traction of  the  cardia  by  central  stimulation  of  one  vagus  while  the 
other  was  intact.  Clinical  and  experimental  observations  indicate  that 
mechanical  and  chemical  irritation  of  the  region  of  the  cardia,  such  as  is 
produced  by  cold  or  carbonated  drinks,  produces  an  increased  tone  in 
this  spincter  (214).  This  is  a  vagal  reflex  and  cannot  be  obtained  after 
vagotomy. 

The  control  of  the  intermittent  discharge  of  food  from  the  pylorus  rests 
with  the  intrinsic  plexuses  (203),  (215).  When  acid  is  allowed  to  stimu- 
late the  mucosa  of  the  pyloric  end  of  the  excised  stomach  it  causes  the 
pyloric  sphincter  to  relax.  Acid  in  the  duodenum  causes  increased  tone 
of  the  sphincter  but  this  does  not  occur  if  the  serous  and  muscular  coats 
have  been  divided  between  the  pylorus  and  duodeniun.  Best  and  Cphn- 
heim  (216)  found  that  introduction  of  acid  into  any  part  of  the  small 
intestine  caused  delay  in  emptying  the  stomach.  High  intestinal 
section  and  suture  cause  the  pylorus  to  remain  closed  for  several  hours; 
and  intense  irritation  of  the  colon  caused  by  injecting  croton  oil  into  the 
cecum  may  cause  delay  in  emptying  the  stomach;  but  Cannon  (203),  to 
whom  we  are  indebted  for  these  observations,  does  not  state  what  ner- 
vous mechanism  is  involved.  According  to  White  (217),  who  studied  by 
the  roentgen-ray  method  the  effect  of  stimuli  from  the  lower  bowel,  delay 
in  empt3dng  the  stomach  is  the  exception  and  not  the  rule  in  lesions  of 
the  lower  part  of  the  intestine.  Delay  occurs  only  when  the  stimulation 
is  very  strong.  White 's  results  do  not  support  Barclay 's  (218)  theory  of 
an  ileopyloric  reflex  which  prevents  an  overfilling  of  the  small  intestine. 
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Intestinal  reflexes.  All  of  the  movements  of  the  intestine  persist  after 
every  extrinsic  nerve  has  been  divided.  Excised  portions  of  the  small 
intestine  or  colon  exhibit  contraction  above  and  relaxation  below  a 
stimulated  point.  Bayliss  and  Starling  (220)  first  formulated  this  law  of 
the  intestine  and  showed  that  a  local  reflex  was  responsible  for  intestinal 
peristalsis.  Magnus,  (221)  obtained  the  same  coordinated  response  in 
a  piece  of  excised  gut  from  which  the  mucous  and  submucous  layers  had 
been  removed  along  with  the  submucous  plexus  and  thus  demonstrated 
that  the  neural  mechanism  responsible  for  this  reaction  is  located  in  the 
myenteric  plexus.  This  justifies  the  name  myenteric  reflex  given  to  this 
coordinated  response  by  Cannon  (222). 

According  to  the  last  mentioned  author,  the  myenteric  reflex  is  re- 
sponsible for  the  downward  peristalisis  that  moves  the  food  along  the 
small  intestine  but  not  for  gastric  peristalsis  nor  for  antiperistalsis  and 
segmentation  in  the  intestine.  Intestinal  segmentation  Uke  gastric 
peristalsis  persists  after  the  myenteric  plexus  has  been  interrupted  by 
numerous  circular  incisions  through  the  muscular  coats  (223),  (224), 
and  therefore  represent  a  more  strictly  localized  response  than  the  myen- 
teric reflex,  which  involves  the  transmission  of  excitatory  impulses  for 
some  distance  upward  in  the  gut  and  of  inhibitory  impulses  for  even 
longer  distances  downward. 

The  capacity  of  the  gut  to  exhibit  rhythmic  contractions  disappears 
when  the  myenteric  plexus  is  removed  (221).  This  indicates  that  these 
rhythmic  contractions  are  of  nervous  origin;  but  this  conception  of  their 
genesis  has  been  called  in  question  by  Gunn  and  Underbill  (225). 
These  investigators  have  obtained  rhythmic  contractions  from  isolated 
rings  of  the  circular  musculature  of  the  cat's  intestine  which,  according 
to  their  beUef,  were  free  from  nerve  cells.  Their  conclusion  rests  on  the 
generally  accepted  notion  that  the  nerve  cells  of  the  myenteric  plexus  do 
not  penetrate  deeply  into  the  circular  muscle.  It  should  however  be 
noted  in  this  connection  that  MUller  (226)  has  demonstrated  the  presence 
of  many  large  ganglion  cells  in  the  outer  third  of  the  circular  muscula- 
ture of  the  frog's  gut.  Alvarez  and  Starkweather  (227)  think  that  the 
preponderance  of  evidence  now  points  toward  the  myogenic  origin  of  the 
rhythmic  movements  of  the  intestine  and  say  that  the  law  of  the  intes- 
tine as  formulated  by  Bayliss  and  Starling  is  so  often  in  abeyance  that  it 
cannot  be  the  chief  factor  in  controUing  the  onward  movement  of  the  in- 
testinal contents.  As  a  rule  in  their  experiments  they  could  not  obtain 
the  myenteric  reflex.  The  typical  response  was  an  increase  of  tone  and 
ampUtude  in  both  directions  from  the  stimulus;  but  conduction  of  the 
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impulse  was  somewhat  better  in  the  aboral  direction  (228).  Since  they 
obtained  the  myenteric  reflex  most  often  as  a  response  to  distention  of  a 
balloon  in  the  gut  it  is  possible  that  the  reflex  may  be  a  reaction  to  dis- 
tention and  not  to  other  forms  of  stimuU.  They  claim  to  have  dem- 
onstrated a  metabolic  gradient  in  the  intestines,  as  a  result  of  which  the 
irritabihty  and  rhythmicity  of  the  gut  decreases  from  the  duodenum  to 
the  colon  and  believe  that  this  rather  than  the  myenteric  reflex  is  re- 
sponsible for  the  direction  of  peristalsis. 

It  thus  appears  that  several  factors  enter  into  the  control  of  the 
movements  of  the  gastro-intestinal  tract  even  after  all  extrinsic  nervous 
control  has  been  eliminated. 

1.  An  arrangement  of  the  elements  in  Auerbach's  plexus  in  such  a 
manner  as  to  permit  of  a  codrdinate  reflex  response  to  a  local  stimulus 
involving  contraction  above  and  relaxation  below  the  stimulated  point. 
Illustrations  of  the  action  of  this  mechanism  are  found  in  peristaltic 
contraction  waves  which  are  preceded  by  relaxation  and  in  the  acid 
control  of  the  cardia  and  pylorus. 

2.  There  is  probably  a  mechanism  for  more  strictly  local  responses 
which  according  to  Cannon  is  responsible  for  rhythmic  contractions, 
segmentation,  gastric  and  colic  peristalsis  andantiperistalsis  of  the  colon. 

3.  It  now  appears  possible  that  many  or  all  of  the  strictly  local  re- 
sponses may  be  explained  on  the  basis  of  myogenic  contraction. 

The  little  which  we  know  at  present  concerning  the  structure  of  the 
submucous  and  myenteric  plexuses  does  not  aid  us  in  interpreting  these 
physiological  problems.  The  histology  of  these  plexuses  has  been  in- 
vestigated particularly  by  Dogiel  (229),  L.  R.  Mtiller  (230)  and  R. 
MtUler  (226).  The  last  mentioned  author  describes  the  plexuses  as 
consisting  of  a  true  nerve  net.  Assuming  that  Miiller  is  correct,  such  a 
simple  nerve  net  could  be  invoked  to  explain  any  neurogenic  response  of 
the  isolated  intestine  except  the  myenteric  reflex,  for  which  specialized 
conduction  paths  are  required. 

The  occurrence  of  even  a  local  reflex  requires  the  presence  of  receptive 
or  sensory  nerve  elements.  There  is  no  evidence  for  the  hypothesis  that 
the  nerve  cells  of  the  gut  receive  afferent  impulses  through  some  of  their 
processes  and  send  out  motor  impulses  by  others.  We  do  not  know  to 
what  extent  the  individual  nerve  cells  of  the  gut  serve  sensory  or  motor 
functions.  In  the  myenteric,  but  not  in  the  submucous  plexus,  Miiller 
(230)  could  differentiate  two  types  of  cells.  Those  ganglion  cells  which 
lie  free  in  small  lacuna  and  which  give  off  nimierous  processes  from  all 
sides  are  to  be  distinguished  from  those  which  he  close  to  the  musculature 


Digitized  by 


Google 


510  8.   W.  RANSON 

and  give  off  small  dendrites  to  it.  He  su^ests  that  the  latter  may  be 
motor  cells  and  the  former  sensory.  In  order  to  prove  the  sensory  char- 
acter of  any  of  these  cells  it  would  be  necessary  to  demonstrate  the  con- 
nection of  their  processes  with  the  epithehimi  of  the  gut  or  with  definite 
sensory  endings  in  the  gut  wall.  This  he  could  not  do.  Dogiel  (30) 
was  able  to  trace  dendrites  from  cells  in  the  myenteric  plexus  which  he 
regarded  as  sensory  to  the  mucosa  and  his  pupil  Sakusseff  (231)  claimed 
to  have  traced  fine  twigs  from  the  intestinal  plexuses  to  the  mucosa 
of  the  gut  of  fishes.  These  ramified  beneath  the  epitheUum  and  sent  fine 
varicose  threads  into  the  colmnnar  epithelimn  where  they  ran  between 
the  epithelial  cells  and  formed  a  network  about  individual  cells.  If 
these  observations  could  be  confirmed — and  more  than  25  years  have 
passed  without  their  confirmation — ^the  sensory  limb  of  the  intestinal 
reflex  arc  would  be  demonstrated. 

Our  information  regarding  the  innervation  of  the  gastric  mucosa  is 
not  much  greater.  Miiller  (226)  was  able  to  trace  nerve  fibers  to  the 
epithelium  of  the  frog's  stomach  and  saw  them  divide  repeatedly,  some  of 
the  branches  entering  between  the  basal  tapered  ends  of  the  epitheUal 
cells.  This  is  largely  confirmatory  of  the  observations  of  Smimow 
(232)  who  was  able  to  trace  similar  fibers  into  the  epitheUum.  None  of 
these  observations  are  such  as  to  excite  great  confidence  and  at  pres- 
ent one  is  justified  in  taking  a  skeptical  attitude  toward  all  of  them. 
There  are  no  Observations  which  would  indicate  the  presence  of  sensory 
cells  in  the  epitheUum,  sending  fibers  into  the  enteric  plexuses,  such  as 
those  which  form  a  characteristic  feature  of  the  ccelenterate  nervous 
system.  It  is  obvious  therefore  that  at  the  present  we  are  not  justified 
in  thinking  of  the  enteric  plexuses  in  terms  of  the  nerve  net  of  coelen- 
terates  because  it  has  not  been  demonstrated  that  these  plexuses  are 
truly  composed  of  a  nerve  net  and  because  sensory  elements  Uke  those  of 
the  ccelenterate  apparently  do  not  exist  in  the  gut. 

In  spite  of  the  negative  character  of  the  histological  evidence  the  exis- 
tence of  sensory  fibers  in  the  gastro-intestinal  mucosa  has  been  assumed 
by  most  physiologists.  And  indeed  receptive  endings  in  the  epitheUum 
seem  to  be  required  by  the  fact  that  responses  may  be  obtained  from  both 
chemical  and  mechanical  stimulation  of  the  mucosa.  The  acid  control  of 
the  cardia  and  pylorus  (203),  the  inhibition  of  hunger  contractions  by 
introduction  of  various  fluids  into  the  stomach  (205)  variations  in  the 
rate  of  passage  of  different  kinds  of  food  along  the  intestinal  tract  (203) 
and  other  phenomena  indicate  the  presence  of  chemical  sensibiUty  in 
the  gastrointestinal  mucosa.    The  experiments  of  Babkin  (234)  em- 
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phasize  the  importance  of  chemical  as  opposed  to  mechanical  stimuli. 
But  the  mucosa  is  also  sensitive  to  mechanical  stimuli  as  is  shown  by  the 
inhibition  of  himger  contractions  in  the  stomach  by  gently  rubbing  the 
mucosa  of  the  intestine  with  a  glass  rod  (205)  and  by  the  increased  intes- 
tinal peristalsis  caused  by  branny  foods  (203).  But  mechanical  stimu- 
lation of  the  gastric  mucosa  is  not  sufl5cient  to  produce  a  reflex  secretion 
of  gastric  juice  (235).  Exner  (236)  claims  that  pressing  a  pointed  object 
against  the  mucosa  causes  a  contraction  of  the  musclaris  mucosae  re- 
sulting in  a  sUght  indentation  of  the  siuf ace  at  the  stimulated  point. 

Observations  made  by  Short  (237)  on  a  case  where  the  ileocecal  valve 
was  exposed  to  view  as  a  result  of  cecostomy  indicate  that  the  valve  acts 
like  a  sphincter  and  is  subject  to  reflex  control  from  the  stomach. 
Short  says  that  it  relaxes  in  from  two  to  four  minutes  after  food  is  taken 
into  the  stomach  and  continues  to  discharge  fecal  matter  in  gushes  for 
about  one  hour.  Local  stimulation  of  the  mucosa  of  the  cecum  in  the 
region  of  the  vaJve  when  the  orifice  was  in  full  activity  served  to  delay  but 
not  to  stop  the  passage. 

Reflexes  through  the  cerebrospinal  axis  play  but  a  minor  r61e  in  the 
regulation  of  intestinal  movements.  Eeflex  inhibitions  are  however  not 
difficult  to  obtain.  By  graphic  records  Hotz  (238)  was  able  to  show 
that  stimulation  of  any  peripheral  sensory  nerve  leads  to  inhibition  of 
intestinal  movements  through  the  spinal  cord  and  splanchnic  nerves. 
For  example,  dissecting  away  the  skin  from  the  abdomen  or  leg  or  inuner- 
sion  of  the  lower  half  of  the  body  in  warm  salt  solution  inhibits  peristal- 
sis (239);  and  according  to  Cannon  and  Murphy  (240)  crushing  of  the 
testicle  also  causes  a  reflex  dynamic  ileus.  The  last  mentioned  observers 
foimd  that  the  stasis  resulting  from  handUng  of  the  stomach  and 
intestines  was  a  purely  local  reaction  not  affected  by  section  of  the 
splanchnics. 

By  far  the  best  account  of  the  cerebrospinal  reflexes  affecting  the  in- 
testines has  been  given  by  Lehmann  (241),  who  also  gives  a  good  review 
of  the  previous  work  on  this  subject.  The  only  response  of  this  kind 
which  it  has  been  possible  to  demonstrate  in  the  small  intestine  is  one  of 
inhibition.  Intestinal  movements  may  be  stopped  by  stimulation  of  the 
central  ends  of  the  hypogastric,  splanchnic  and  vagus  nerves.  Sciatic 
stimulation  causes  arrest  of  the  pendulum  and  later  of  the  peristaltic 
movements  of  the  gut  and  usually  a  decrease  of  tonus.  Since  this  sciatic 
reflex  does  not  occur  if  the  splanchnics  are  divided  nor  if  the  spinal  cord 
is  transected  in  the  upper  thoracic  region,  the  center  must  be  in  the  me- 
dulla oblongata  and  the  efferent  path  in  the  splanchnic  nerve. 
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Stimulation  of  the  central  end  of  the  hypogastric  nerve  causes  a  simi- 
lar inhibition;  but  in  this  case  the  center  is  in  the  thoracic  portion  of  the 
spinal  cord  since  section  of  the  cord  at  the  height  of  the  first  thoracic 
vertebra  does  not  obhterate  the  reflex,  and  section  at  the  level  of  the  first 
lumbar  vertebra  does. 

Stimulation  of  the  central  end  of  one  splanchnic  inhibits  peristalsis  and 
sometimes  causes  a  dilatation  of  the  gut;  but  tliis  effect  disappears  when 
the  remaining  splanchnic  is  cut.  Since  high  thoracic  section  of  the  cord 
does  not  eliminate  this  response  the  reflex  arc  is  complete  in  the  cord. 

The  vagus  yields  through  the  cerebrospinal  axis  and  splanchnic 
nerves  an  inhibition  of  peristalas  with  or  without  decrease  in  tone  of  the 
intestinal  musculature. 

Defecation,  From  the  large  intestines  more  complicated  reactions  can 
be  obtained  (241).  Stimulation  of  the  sciatic  nerve  causes  contraction 
of  the  colon  and  rectum  and  relaxation  of  theintemalsphinctery  a  complex 
which  will  be  referred  to  below  as  the  defecation  reflex.  The  efferent 
path  for  this  reflex  is  in  the  visceral  branches  of  the  sacral  nerves,  and 
the  center  is  in  the  medulla  oblongata  since  the  effect  is  obUterated 
by  section  of  the  spinal  cord  at  any  level. 

Central  stimulation  of  the  visceral  branches  of  the  sacral  nerves  or  of 
the  hypogastric  nerve  usually  causes  reflex  dilatation  of  the  colon  and 
rectimi  and  contraction  of  the  internal  sphincter,  and  this  reaction  can  be 
obtained  after  transection  of  the  cord  at  the  level  of  the  first  lumbar 
vertebra.  Central  stimulation  of  the  splanchnics  produces  inhibition  of 
the  rectum  and  contraction  of  the  internal  sphincter  and  this  effect  can 
be  obtained  after  transection  of  the  cord  at  the  level  of  the  first  thoracic 
segment. 

Central  vagus  stimulation  produces  the  defecation  reflex.  From  these 
observations  of  Lehmann  it  is  obvious  that  central  stimulation  of  the 
vi^us  and  somatic  sensory  nerves  produces  movements  of  defecation, 
while  central  stimulation  of  the  splanchnic,  hypogastric  and  sacral  vis- 
ceral nerves  exerts  predominately  an  inhibitory  influence.  It  is  also 
evident  that  there  are  spinal  as  well  as  bulbar  centers  for  intestinal 
reflexes,  and  that  the  spinal  centers  are  concerned  with  inhibitory 
reflexes. 

It  should  be  added  that  Lehmann  found  that  strong  stimulation  of  the 
abdominal  splanchnic  nerves  occasionally  called  forth  the  defecation 
reflex.  It  is  surprising  that  it  is  not  easier  to  obtain  this  response  from 
the  nerves  to  the  large  intestine,  since  according  to  Cannon  (203)  and 
Mtiller  (230)  the  reflex  is  normally  excited  by  the  entrance  of  feces  into  the 
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rectum  and  since  Merzbacher  (242)  has  shown  that  after  section  of  the 
lower  lumbar  and  sacral  dorsal  roots  normal  defecation  does  not  occur. 

Although  under  normal  conditions  a  voluntary  factor,  contraction  of 
the  abdominal  muscles,  enters  into  defecation  the  results  of  Goltz  (243) 
cited  in  Der  Hund  ohne  Grosshirn  shows  that  it  can  be  carried  on  as  a 
pure  reflex.  It  should  also  be  noted  that  while  defecation  usually  in- 
volves a  reflex  through  the  spinal  cord,  destruction  of  the  limibar  and 
sacral  cord  results  in  a  temporary  diarrhea  lasting  several  days  and 
followed  by  normal  evacuation  of  the  large  intestine  at  the  customary 
intervals  (244).  Although  the  results  of  destruction  of  the  spinal  cord 
may  vary  in  different  animals  (245),  it  would  seem  that  when  the  gut  is 
freed  from  all  spinal  control,  inhibitory  as  well  as  motor,  the  local 
nervous  system  of  the  gut  is  able  of  itself  to  control  defecation  (260). 

According  to  Miiller  (230)  voluntary  inhibition  of  defecation  is  brought 
about  by  the  contraction  of  the  muscles  of  the  pelvic  floor;  and  sensory 
impulses  arising  in  these  contracted  muscles  reflexly  inhibits  the  activity 
of  the  colon  and  rectum. 

Swallowing,  Deglutition  involves  a  series  of  consecutive  movements 
of  the  floor  of  the  mouth,  pharynx,  esophagus  and  cardia  and  is  imder 
the  control  of  a  complicated  reflex  mechanism,  which  has  been  carefully 
studied  by  Meltzer  (248).  This  progressive  series  of  movements  may  be 
initiated  by  stimulation  of  the  pharyngeal  mucous  membrane.  Certain 
spots  Ijdng  in  the  direct  path  of  the  food  are  more  sensitive  than  others 
and  have  been  called  "  chief  spots''  by  Kahn  (240) .  These  areas  vary  in 
different  animals — ^the  back  of  the  pharynx  in  dogs  and  cats  and  the 
tonsilar  region  in  monkeys — ^but  they  all  appear  to  be  in  the  territory 
of  the  glossopharyngeal  nerve.  Kahn  also  identified  secondary  spots  on 
the  upper  surface  of  the  soft  palate,  supphed  by  the  glossopharyngeal 
and  trigeminal  nerves,  and  on  the  dorsal  surface  and  base  of  the  epiglot- 
tis, supplied  by  the  vagus  nerve.  These  observations  have  been  con- 
firmed by  Miller  and  Sherrington  (250).  It  is  usual  therefore  for  the 
swallowing  movements  to  be  initiated  by  afferent  impulses  traveUng  along 
the  glossopharyngeal  nerve.  After  intracranial  section  of  both  trigemini 
swallowing  could  still  be  elicited  from  the  posterior  part  of  the  tongue 
and  from  the  pharynx  and  seemingly  as  readily  as  when  these  nerves  were 
intact  (250).  Stimulation  of  the  central  stump  of  the  glossopharyngeal 
and  superior  laryngeal  nerves  excites  swallowing  (249),  (250).  Weak 
stimulation  of  the  glossopharyngeal  nerve  is  said  by  Kitajew  (251)  to 
injiibit  while  strong  stimulation  excites  swallowing  movements.  Stimu- 
lation of  the  central  end  of  the  HnguaKs-chorda  tjmipani  trunk  also 
inhibits  swallowing  (250). 
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When  once  initiated  the  entire  train  of  movements  follows  in  correct 
sequence  without  the  necessity  for  any  intercurrent  sensory  impulses 
from  the  parts  traversed  by  the  bolus  of  food.  This  conclusion  is  based 
on  the  observations  of  Kronecker  and  Meltzer  (252)  and  Meltzer  (253) 
who  showed  that  even  after  removal  of  a  whole  ring  of  esophagus  the 
peristalsis  once  begun  would  appear  again  in  the  lower  end  of  the 
esophagus. 

Another  and  secondary  reflex  mechanism  of  deglutition  can  be  demon- 
strated when  food  is  introduced  directly  into  the  upper  part  of  the 
esophagus  without  stimulating  the  mucosa  of  the  pharynx.  Food  so 
introduced  initiates  a  peristaltic  wave  running  down  the  esophagus  with 
relaxation  followed  by  contraction  of  the  cardia  just  as  in  normal  degluti- 
tion. But  in  this  case  Ugature  of  the  esophagus  interrupts  the  peristal- 
tic wave.  That  the  response  to  food  introduced  into  the  esophagus  is  a 
true  reflex  is  shown  by  the  fact  that  it  disappears  after  section  of  the 
vagi.  Meltzer  (248),  (254)  to  whom  we  owe  theseinstructive  experiments, 
concluded  that  this  secondary  mechanism  depended  on  a  succession  of  re- 
flexes through  the  vagus,  each  initiated  by  the  contact  of  the  bolus  with 
successive  portions  of  the  esophageal  mucosa.  In  line  with  this  idea  is 
the  observation  that  stimulation  of  the  central  end  of  one  vagus  produces 
reflexly  through  the  other  vagus  a  contraction  of  the  entire  esophagus 
(255). 

The  afferent  limbs  of  the  reflex  arcs  concerned  with  swallowing  are 
therefore  found  in  the  glossopharyngeal  and  vagus  nerves,  the  afferent 
pfiers  of  which  enter  the  tractus  soUtarius  in  the  medulla.  It  would  seem 
that  these  same  fibers  may  be  stimulated  by  imipolar  faradization  of  the 
fovea  inferior  in  the  floor  of  the  f oiuiih  ventricle  and  that  typical  swallow- 
ing movements  may  be  produced  in  this  way  (250). 

Unilateral  stimulation  of  the  superior  laryngeal  nerve  or  of  the 
pharyngeal  mucous  membrane  normally  causes  bilateral  swallowing 
movements.  But  if  the  medulla  oblongata  is  split  in  the  median  plane  at 
the  level  of  the  nuclei  of  the  glossopharyngeal  and  vagus  nerves  con- 
traction of  the  suprahyoid  muscles  can  be  obtained  only  on  the  side  of 
the  stimulus  (256).  This  is  probably  due  to  cutting  of  the  crossed 
secondary  afferent  fibers  from  the  nucleus  of  the  tractus  soUtarius. 

All  of  the  swallowing  movements  so  far  described  are  reflexes  me- 
diated through  the  medulla  oblongata;  but  Cannon  (203)  has  shown  that 
after  the  section  of  both  vagi  the  lower  end  of  the  esophagus,  which  con- 
tains smooth  muscle,  regains  in  a  few  days  the  capacity  to  respond  to  the 
presence  of  a  bolus  of  food  by  a  downward  peristalsis.  This  is  a  purely 
local  reaction  executed  by  the  intrinsic  nerve  plexuses  of  the  gullet. 
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Vomiting  is  a  complex  reflex  in  which  the  stomach  plays  a  relatively 
passive  r61e.  There  is  relaxation  of  the  cardia  and  of  the  cardiac  por- 
tion of  the  stomach;  and  the  gastric  contents  are  expelled  through  the 
esophagus  by  the  sudden  and  simultaneous  contraction  of  the  abdominal 
muscles  and  diaphragm  (203).  It  commonly  results  from  abnormal 
stimulation  of  the  sensory  endings  of  the  vagus  nerve  in  the  stomach, 
and  can  be  produced  in  cats  by  electric  excitation  of  the  gastric  vagus 
(257).  It  can  under  cerfcain  conditions  also  be  induced  by  stimulation  of 
the  pharynx  and  upper  part  of  the  esophi^us. 

Valenti  (258)  has  demonstrated  that  stimulation  of  the  mucosa  of  the 
pharynx  and  upper  part  of  the  esophagus  leads  reflexly  to  a  dilatation  of 
the  cardia  and  that  cocainization  of  this  region  causes  the  cardia  to 
exhibit  more  than  the  usual  degree  of  tonic  contraction.  When  the  area 
of  mucosa  in  question  is  fully  anesthetized  the  cardia  is  so  tightly  closed 
that  none  of  the  stomach  contents  is  expelled  into  the  esophagus  by  the. 
vigorous  contractions  of  the  diaphragm  andabdominalmusclesinducedby 
apomorphine.  Thus  there  is  brought  into  play  in  vomiting  a  reflex  from 
the  mucosa  of  the  pharynx  and  esophagus  which  is  necessary  for  the 
dilation  of  the  cardia  and  the  escape  of  stomach  contents.  This  explains 
at  least  in  part  why  stimulation  of  the  pharynx  will  under  certain  con- 
ditions excite  vomiting.  The  afferent  path  for  this  reflex  is  in  the  glosso- 
pharyngeal nerve;  and  sections  of  this  nerve  on  both  sides  of  the  neck 
is  suflicient  to  prevent  the  expulsion  of  the  stomach  contents  although  all 
the  other  elements  of  the  vomiting  reflex  occur  as  in  the  normal  animal. 
More  recently  Valenti  (259)  has  shown  that  the  vagus  contains  some  of 
the  afferent  fibers  and  all  of  the  efferent  fibers  of  this  reflex  arc. 

BIBLIOGRAPHY 
Visceral  Afferent  Fibers  and  Visceral  Senstbility 

(1)  Cablson,  a.  J.  AND  LucKHABDT,  A.B.    Amei.  Joum.  Physiol.,  1920-21,  liv, 

65,  122,  261;  Iv,  13,  31,  212,  366;  Ivi,  72. 

(2)  Carlson,  A.  J.  and  Luckhardt,  A.  B.    Amer.  Joum.  Physiol.,  1921,  Iv,  366. 

(3)  Lbnnandbb,  K.  G.    Mitteil.  a.d.  Grenzgeb.  d.  Med.  u.  Chir.,  1902,  x,  38. 

(4)  Neumann,  A.    Zentralbl.  f.  d.  Grenzgeb.  d.  Med.  u.  Chir.,  1910,  xiii. 

(5)  Neumann,  A.  Zentralbl.  f.  Physiol.,  1911-12,  xxiv,  1213,  1217;  xxv,  53; 

xxvi,  277. 

(6)  Neumann,  A.    Arch.  f.  d.  gesammt.  Psychol.,  1907-10,  ix,  26;  xiv,  279;  xvi, 

228. 

(7)  Kast,  L.  and  Mbltzbr,  S.  J.    Med.  Rec,  1906,  hoc,  1017. 

(8)  Zimmermann,  R.    Mitteil.  a.  d.  Grenzgeb.  d.  Med.  u.  Chir.,  1909,  xx,  445. 

(9)  Gilbert,  E.    Arch.  f.  d.  gesammt.  Physiol.,  1909,  cxxix,  329. 


Digitized  by 


Google 


516  S.  W.  RANSON 

(10)  Sano,  T.    Arch.  f.  d.  gesammt.  Physiol.,  1909,  cxxix,  217. 

(11)  Miller,  F.  R.    Zentralbl.  f.  Physiol.,  1910,  xxv,  30. 

(12)  MiLLEB,  F.  R.    On  visceral  sensation.    Thesis,  Munich,  1911. 

(13)  Capps,  J.    Arch.  Int.  Med.,  1911,  viii,  717. 

(14)  Hertz,  A.  F.    The  sensibility  of  the  alimentary  canal.    Oxford  Univ.  Press, 

London,  1911. 
(16)  Kappis,  M.    Mitteil  a.  d.  Grenzgeb.  d.  Med.  u.  Chir.,  1913,  xxvi,  493. 

(16)  Sternberg,  W.    Zentralbl.  f.  Physiol.,  1913,  xxvii,  728. 

(17)  Boring,  E.  G.    Amer.  Journ.  Psychol.  1915,  xxvi,  1. 

(18)  Carlson,  A.  J.  and  Braafladt,  L.  H.   Amer.  Joum.  Physiol.,  1915,  xxxvi, 

153. 

(19)  Mackenzie,  J.    Brain,  1893,  xvi,  321. 

(20)  Carlson,  A.  J.    Amer.  Joum.  Physiol.,  1918,  xlv,  81. 

(21)  Head,  H.    Brain,  1893,  xvi,  1. 

(22)  Thorburn,  W.    Brain,  1893,  xvi,  355. 

(23)  Edgeworth,  F.  H.    Joum.  of  Physiol.,  1892,  xiii,  261. 

(24)  Langley,  J.  N.    Phil.  Trans.  Roy.  Soc.  London,  1892,  clxxxiii,  114. 

(25)  Langley,  J.  N.    Joum.  Physiol.,  1892,  1896,  xiii,  786;  xx,  65. 

(26)  Langley,  J.  N.    Joum.  Physiol.,  1896,  xx,  65. 

(27)  Langley,  J.  N.  and  Anderson,  H.  K.    Joum.  Physiol.,  1896,  xix,    372. 

(28)  Ranson,  S.  W.  and  Billingsley,  P.  R.    Joum.  Comp.  Neur.  1918,  xxix,  405. 

(29)  Chase,  M.  R.  and  Ranson,  S.  W.    Joum.  Comp.  Neur.,  1914,  xxiv,  31. 

(30)  DoGiBL,  S.    Anat.  Anz.,  1896,  xi,  679. 

(31)  MiCHAiLow,  S.    Folia  Neurobiologica,  1909,  iii,  152. 

(32)  Kuntz,  a.  Joum.  Comp.  Neur.,  1913,  xxiii,  173. 

(33)  Langley,  J.  N.    Brain,  1903,  xxvi,  1. 

(34)  Langley,  J.  N.    Joum.  Physiol.,  1906,  xxxiii,  p.  xvii. 

(35)  Cajal,  S.  R.    Histologic  du  syst^me  nerveux  de  Thomme  et  des  vertebras, 

1909-11,  Paris. 

(36)  Carpenter,  F.  W.  and  Conel,  J.  L.    Joum.  Comp.  Neur.,  1914,  xxiv,  269. 

(37)  Ranson,  S.  W.  and  Billingsley,  P.  R.    Joum.  Comp.  Neur.,  1918,  xxix, 

313. 

(38)  MoLHANT,  M.    Le  N^vraxe,  1910,  xi,  137. 

(39)  MtLLER,  L.  R.    Deutsch.  Arch.  f.  klin.  Med.,  1911,  ci,  421. 

(40)  M5LLGARD,  H.    Skand.  Arch.  f.  Physiol.,  1912,  xxvi,  315. 

(41)  Van  Gehuchten,  A.  and  Molhaut,  M.    Presse  Med.  Beige,  1912,  Ixiv,  57. 

(42)  Neuman,  K.  O.    Joum.  Physiol.,  1916,  xlix,  34. 

« 

Respiratory  Reflexes 

(43)  Bechterew,  W.  V.    Die  Functionen  der  Nervehcentra,  Bd.  i,  1908. 

(44)  Stewart,  G.  N.    Amer.  Joum.  Physiol.,  1907,  xx,  407. 

(45)  Stewart,  G.  N.  and  Pike,  F.  H.    Amer.  Joum.  Physiol.,  1907,  xix,  328. 

(46)  WiNTERSTEiN,  H.    Arch.  f.  d.  gesanunt.  Physiol.,  1911,  cxxxviii. 

(47)  Bancroft,  J.    Joum.  Physiol.,  1919,  liii,  p.  xlviii. 

(48)  Trendelenburg,  W.    Arch.  f.  d.  gesammt.  Physiol.,  1910,  cxxxv,  469. 

(49)  Lbwandowsky,  M.    Arch.  f.  (Anat.  u.)  Physiol.,  1896,  195. 

(50)  Nikolaides,  R.    Arch.  f.  (Anat.  u.)  Physiol.,  1905,  464. 


Digitized  by 


Google 


AFFERENT  PATHS  FOR  VISCERAL  REFLEXES  617 

(61)  Tbbvan,  J.  W.    Joum.  Physiol.,  1916,  1,  p.  xliii. 

(62)  Coombs,  H.  C.  and  Pike,  F.  H.    Ptoc.  Soc.  Exper.  Biol,  and  Med.,  1918, 

XV,  55;  Amer.  Joum.  Physiol.,  1918,  xlv,  669. 

(53)  Brown,  T.  G.    Joum.  Physiol.,  1914,  xlviii,  p.  xxxii. 

(54)  Sj6blonn,  J.  C.    Skand.  Arch.  f.  Physiol.,  1915,  xxxii,  1. 
(65)  Grubeb,  C.  M.    Amer.  Joum.  Physiol.,  1917,  xlii,  450. 

(56)  ScHENCK,  F.    Arch.  f.  d.  gesammt.  Physiol.,  1903,  c,  337. 

(57)  Head,  H.    Joum.  Physiol.,  1889,  x,  1,  279. 

(58)  EiNTHovEN,  W.    Quart.  Joum.  Exper.  Physiol.,  1908,  i,  243;  Arch.  f.  d. 

gesammt.  Physiol.,  1908,  cxxiv,  246. 
(69)  NiKOLAiDBS,  R.    Arch.  f.  (Anat.  u.)  Physiol.,  1914,  553. 

(60)  Babbt,  D.  T.    Joum.  Physiol.,  1913,  xlv,  473. 

(61)  Gault,  C.  C.  and  Scott,  F.  H.    Amer.  Joum.  Physiol.,  1918,  xlv,  554. 

(62)  M^LLQARD,  H.    Skand.  Arch.  f.  Physiol.,  1912,  xxvi,  315. 

(63)  RoGEB,  H.    Presse  Med.  Par.,  1917,  xxv,  73. 

(64)  CRAiGiB,  E.  H.    Work  done  in  1921  at  N.  U.  Med.  School  and  not  yet 

published. 

(65)  Mater,  A.,  Mangne,  H.  and  Plantbpol,  L.    Comp.  Rend.  Soc.  Biol.,  1920, 

clxx,  1347. 

(66)  Ck)OMB8,  H.  C.    Amer.  Joum.  Physiol.,  1918,  xlvi,  459. 

(67)  GiTHENS,  T.  S.  AND  Mbltzer,  S.  J.    Proc.  Soc.  Exper.  Biol.,  1914.  xii,  64. 

(68)  FoA,  C.    Arch.  d.  Fisiol.  1909,  vii,  195,  1911,  ix,  453. 

(69)  ScoTT,  F.  H.    Joum.  Physiol.,  1908,  xxxvii,  301. 

(70)  EiBENHARDT,  W.    Arch.  f.  d.  gessammt.  Physiol.,  1912,  nxlvi,  447. 

(71)  CJhristiansen,  J.  and  Haldane,  J.  S.    Joum.  Physiol.,  1914,  xlviii,  272. 

(72)  Douglas,  C.  G.    Ergebn.  d.  Physiol'.,  1914,  xiv,  338. 

(73)  OzoRio,  M.    Folia  Neurobiologica,  1915,  ix,  749. 

(74)  Leroy,  a.    Arch.  Intemat.  d.  Physiol.,  1913,  xiii,  322. 

(75)  Meek,  W.  J.    Amer.  Joum.  Physiol.,  1921,  Iv,  282. 

(76)  Htjxlbt,  F.  M.    Quart.  Joum.  Exper.  Physiol.,  1913,  vi,  147. 

(77)  Paton,  D.  N.    Quart.  Joum.  Exper.  Physiol.,  1913,  vi,  197. 

(78)  Vincent,  S.  and  Cameron,  A.  T.    Joum.  Comp.  Neur.,  1920,  xxxi,  283. 

(79)  Lazarus,  J.    Arch.  f.  (Anat.  u.)  Physiol.,  1891,  19. 

(80)  Dixon,  W.  E.  and  Brodib,  T.  G.    Joum.  Physiol.,  1903,  xxix,    97. 

(81)  Abbott,  W.  J.    Ann.  Oto.  Rhinol.  and  Laryngol.,  1914,  xxiii,  83. 

(82)  Grossmann,  M.    Berl.  klin.  Wochenschr.,  1914,  li,  1000. 

(83)  Andrews,  B.  F.  'Joum.  Opth.  and  Oto-laryngol.,  1915,  ix,  354. 

(84)  Dudley,  W.  H.    Joum.  Ophth.  and  Oto-laryngol.,  1915,  ix,  14. 

(85)  Weber,  E.    Arch.  f.  (Anat.  u.)  Physiol.,  1914,  63. 

(86)  PoTTENGER,  F.  M.    Amer.  Joum.  Med.  Sci.,  1918,  civ,  417. 

(87)  Jairasz,   a.    Heymann's  Handbuch   der  Rhinologie   und   Laryngologie, 

Vienna,  1900. 

(88)  KiLUAN,  G.    Deutsch.  Med.  Wochenschr.,  1910,  xxxvi,  1868. 

(89)  GoRDiNQ,  R.    Ann.  Oto.  Rhin.  and  Laryngol.,  1920,  xxix,  294. 

(90)  Kedroff,  M.    Arch.  f.  (Anat.  u.)  Physiol.,  1915,  9. 

(91)  Larsell,  O.    Joum.  Comp.  Neur.,  1921,  xxxiii,  105. 


Digitized  by 


Google 


518  8.   W.  RAKSON 

Cardiac  Reflexes 

(92)  Eyster,  J.  A.  E.  and  Meek,  W.  J.    Physiol.  Rev.,  1921,  i,  1. 

(93)  Herlitzka,  a.    Arch.  f.  d.  gesammt.  Physiol.,  1905,  cvii,  557. 

(94)  Etster,  J.  A.E.  and  Hooker,  D.  R.    Zentralbl.  f.  Physiol.,  1907,  xxi,  615. 

(95)  Etstbr,  J.  A.  E.  and  Hooker,  D.  R.    Amer.  Joum.  Physiol.,  1908,  xxi,  373. 

(96)  VON  BRtCKB,  E.  T.    Zeitschr.  f.  Biol.,  1917,  Ixvii,  507,  524. 

(97)  KOsTER,  G.  AND  TscHERMAK,  A.    Arch.  f .  d.  gesammt.  Physiol.,  1902,  xciii, 

24. 

(98)  KocHMANN,  M.    Zentralbl.  f.  Physiol.,  1906,  xx,  418. 

(99)  Brodie,  T.  G.  and  Russell,  A.  E.    Joum.  Physiol.,  1900,  xxvi,  92. 

(100)  Bainbridqe,  F.  a.    Journ.  Physiol.,  1914,  xlviii,  332. 

(101)  Hooker,  D.  R.    Amer.  Journ.  Physiol.,  1907,  xix,  417. 

(102)  Carlson,  A.  J.    Amer.  Journ.  Physiol.,  1913,  xxxi,  318. 

(103)  Petzetakis  and  Dastre.    Comp.  Rend.  Soc.  d.  Biol.,  1917,  Ixxx,  107. 

(104)  Gasser,  H.  S.  and  Meek,  W.  J.    Amer.  Journ.  Physiol.,  1914,  xxxiv,  48. 

(105)  Carlson,  A.  J.  and  Luckhardt,  A.  B.    Amer.  Joum.  Physiol.,  1921,  Iv,  31. 

(106)  Brat,  H.    Zeitschr.  f.  exper.  Pathol,  u.  Therap.,  1907,  iv,  244. 

(107)  Weil  and  Philippe.    Bull,  et  M6m.  Soc.  M^d.  des  Hop.  de  Paris,  S.  3,  xl, 

1378. 

(108)  Pagano,  G.    Arch.  Ital.  d.  Biol.,  1900,  xxxiii,  1. 

(109)  LoMBROso,  N.    Zeitschr.  f.  Biol.,  1907,  Ixi,  317. 

(110)  Aschner,  B.    Wien.  klin.  Wochenschr.,  1908,  1529. 

(111)  Dagnini,  G.    Boll.  d.  Science  Med.  Bologna,  1908,  viii,  380. 

(112)  Cluzet  and  Petzetakis.    Comp..  Rend.  Soc.  de  Biol.  Par.,  1914,  Ixxvi, 

249. 

(113)  Petzetakis,  M.    Comp.  Rend.  Soc.  de  Biol.  Par.  1914,  Ixxvi,  366. 

(114)  Petzetakis,  M.    Joum.  d.  Physiol,  et  de  Pathol.  Gen.,  1914-15,  xvi,  1027. 

(115)  GuNSON,  E.  B.    Brit.  Joum.  Child.  Dis.,  1915,  xii,  97. 

(116)  Petzetakis,  M.    Joum.  d.  Physiol,  et  de  Pathol.  Gen.,  xvii,- 1027. 

(117)  AcHARD,  C.  AND  BiNET,  L.    Comp.  Rend.  Soc.  de  Biol.  Par.,  1918,  Ixxxi, 

158. 

(118)  Stewart,  R.  M.    Rev.  of  Neurol,  and  Psych.,  1918,  xvi,  67. 

(119)  Naccarati,  S.    Arch,  of  Neurol,  and  Psych.,  1921,  v,  40. 

Vasomotor  Reflexes 

(120)  Krooh,  a.    Joum.  Physiol.,  1920,  liii,  399. 

(121)  Hooker,  D.  R.    Amer.  Joum.  Physiol.  1918,  xlvi,  591. 

(122)  Bruce,  A.  N.    Quart.  Journ.  Exper.  Physiol.,  1913,  vi,  339. 

(123)  Stewart,  G.  N.  and  Pike,  F.  H.    Amer.  Joum.  Physiol.,  1907,  xix,  328. 

(124)  Porter,  W.  T.    Amer.  Joum.  Physiol.,  1910,  xxvii,  276. 

(125)  Porter,  W.  T.    Amer.  Joum.  Physiol.,  1915,  xxxvi,  418. 

(126)  Tschalussow,  M.  A.    Arch.  f.  d.  gesammt.  Physiol.,  1913,  cli,  523. 

(127).  FoFANOW,  L.  L.  AND  Tschalussow,  M.  A.    Arch.  f.  d.  gesammt.  Physiol., 

1913,  cli,  543. 
(128)  Martin,  E.  G.  and  Mendenhall,  W.  L.    Amer.  Joum.  Physiol.,  1915, 

xxxviii,  98. 


Digitized  by 


Google 


AFFERENT  PATHS  FOR  VISCERAL  REFLEXES  519 

(129)  Batliss,  W.  M.    Joum.  Physiol.,  1908,  xxxvii,  264. 

(130)  Martin,  E.  G.  and  Stiles,  P.  G.    Amer.  Joum.  Physiol.,  1914,  xxxiv,  106. 

(131)  Ranson,  S.  W.  and  BiLLiNGSLEt,  P.  R.    Amer.  Joum.  Physiol.,  1916,  xli, 

85. 

(132)  Sherrington,  C.  S.    The  integrative  action  of  the  nervous  system.  New 

York,  1906. 

(133)  Aducco,  V.    Arch.  Ital.  d.  Biol.,  1913,  lix,  412. 

(134)  Trendelenburg,  W.    Arch.  f.  d.  gesammt.  Physiol.,  1910,  cxxxv,  469. 

(135)  Jappelli,  G.    Arch.  d.  Fbiol.  1907,  iv,  267. 

(136)  Martin,  E.  G.  and  Lacet,  W.  H.    Amer.  Joum.  Physiol.,  1914,  xxxiii,  212. 

(137)  Vincent,  S.  and  Cameron,  A.  T.    Quart.  Joum.  Exper.  Physiol.  1916, 

ix,  45. 

(138)  Vincent,  S.  and  Ogata,  D.    Joum.  Comp.  Neur.,  1919,  xxx,  365. 

(139)  Busquet,  H.    Comp.  Rend.  Soc.  d.  Biol.,  1914,  Ixxvi,  891. 

(140)  BuBQUET,  H.    Joum.  d.  Physiol,  e.  d.  Path.  Gen.,  1917,  xvii,  9. 

(141)  Hunt,  R.    Joum.  Physiol.,  1895,  xviii,  381. 

(142)  Gruber,  C.  M.    Amer.  Joum.  Physiol.,  1917,  xlii,  214. 

(143)  Gruber,  C.  M.  and  Kretschmbr,  O.  S.    Amer.  Joum.  Physiol.,  1918, 

xlvi,   222. 

(144)  Hunt,  R.    Amer.  Joum.  Physiol.,  1918,  xlv,  197. 

(145)  Ranson,  S.  W.  and  Billingslet,  P.  R.    Amer.  Joum.  Physiol.,  1916, 

xlii,  16. 

(146)  Porter,  E.  L.    Amer.  Joum.  Physiol.,  1913,  xxxi,  141. 

(147)  Mendenhall,  W.  L.    Amer,  Joum.  Physiol.,  1914,  xxxvi,  57. 

(148)  ZwoNiTZKT,  N.    Arch.  f.  (Anat.  u.)  Physiol.,  1906,  465. 

(149)  BuRTOW  Opitz,  R.    Amer.  Joum.  Physiol.,  1917,  xlv,  62. 

(150)  Martin,  E.  G.,  Franklin,  A.  C.  and  Hield,  C.    Amer.  Joum.  Physiol., 

1920.  liii,  421. 

(151)  Mudd,  S.  and  Grant,  S.  B.    Joum.  Med.  Res.,  1919,  xl,  53. 

(152)  MuNK,  F.    Zeitschr.  f.  exper.  Pathol.,  1910,  viii,  337. 

(153)  HiRSCHFELD,  A.    VcrOffentl.  d.  Zentralstelle.  f.  Balneologie,  1912. 

(154)  Stewart,  G.  N.    Joum.  Exper.  Med.,  1915,  xxii,  1. 

(155)  Wilson,  M.    Work  done  in  1921  at  the  N.  U.  Med.  School  and  not  yet 

published. 

(156)  GRt)TZNER,  P.  AND  Heidenhain,  R.    Arch.  f.  d.  gesammt.  Physiol.,  1878, 

xvi,  47. 

(157)  Langley,  J.  N.    Joum.  Physiol.,  1912,  xlv,  239. 

(158)  Winkler,  F.    Sitzungsb.  d.  Kais.  Akad.  d.  Wissensch.  zu  Wien.  Math- 

naturw.  Klasse,  1902,  cxi,  iii. 

(159)  Ranson,  S.  W.  and  Billingslet,  P.  R.    Amer.  Joum.  Physiol.,  1916, 

xl,  571. 

(160)  Ranson,  S.  W.    Brain,  1915,  xxxviii,  381. 

(161)  Ranson,  S.  W.  and  von  Hess,  C.  L.    Amer.  Joum.  Physiol.,  1915,    xxxviii, 

128. 

(162)  Ranbon,  S.  W.    Amer.  Joum.  Physiol.,  1916,  xlii,  1. 

(163)  Ranson,  S.  W.  and  Billingslet,  P.  R.    Amer.  Joum.  Physiol.,  1916, 

xlii,  9,  16. 

(164)  Winkler,  C.    Proceedings  K.  Acad.  v.  Wetensch.  Amsterdam,  1914,'xxiii, 

843;  Opera  Omnia,  1918,  v,  525. 


Digitized  by 


Google 


620  8.    W.  RANSON 

165)  Miller,  F.  R.    Arch.  f.  d.  gesammt.  Physiol.,  1911,  cxliii,  21. 

166)  Dmiteenko,  L.  F.    Dissertation,  Odessa,  1916. 

167)  Carlson,  A.  J.    Amer.  Joum.  Physiol.,  1913,  xxxi,  318. 

168)  Sbeug,  M.  G.  and  Lyon,  E.  P.    Journ.  Amer.  Med.  Assoc.,  1909,  lii,  45. 

169)  MuNS,  W.  E    Proc.  Soc.  Exper.  BoL,  1915,  xii,  87. 

170)  SoLLBfAN,  T.  AND  PiLCHER,  J.  D.    Amer.  Journ.  Physiol.,  1912,  xxx,  303. 

171)  Atter,  J.  AND  Meltzer  S.  J.    Zentralbl.  f.  Physiol.,  1913,  xxvi,  1316. 

172)  Burton-Opitz,  R.    Amer.  Journ.  Physiol.,  1916,  xli,  103. 

173)  Burton-Opitz,  R.    Amer.  Joum.  Physiol.,  1917,  xlii,  498. 

174)  Davis,  L.  E.    Work  done  in  1921  at  N.  U.  Med.  School  and  not  yet  pub- 
lished. 

176)  Batliss,  W.  M.    Journ.  Physiol.,  1893,  xiv,  303. 

176)  Porter,  W.  T.  and  Beyer,  C.  H.     Amer  Joum.  Physiol.,  1900,  iv,  283. 

177)  SoLLMANN,  T.  AND  PiLCHER,  J.  D.    Amer.  Joum.  Physiol.  1912,  xxx,  369. 

178)  Winkler,  F.    Zentralbl.  f.  Physiol.,  1903,  xvii,  38. 

179)  SoLLMAN,  T.  and  Brown,  E.  D.    Amer.  Joum.  Physiol.  1912,  xxx,  88. 

180)  LuscHKA,  H.    Arch  f.  Anat.  u.  Physiol.,  1862,  405. 

182)  PoiRiBR,  P.  AND  Charpy,  A.    Trait6  d'Anatomie  Humaine.    Paris,  1901. 

183)  BiLLiNSGLBY,  P.  R.  AND  WiLSON,  M.    Work  done  in  1920  at  N.  U.  Med. 
School  and  not  yet  published. 

184)  FoFANOW,  L.  L.    Dissertation,  Kassan,  1908. 

185)  TscHALUssow,  M.  A.    Dissertation,  Kassan,  1908. 

186)  TscHALussow,  M.  A.    Arch.  f.  d.  gesammt.  Physiol.,  1913,  cli,  523. 

187)  Francois-Frank.    Compt.  Rend.  Soc.  Biol.,  1903,  734. 

188)  Martin,  E.  G.  and  Mendenhall,  W.  L.    Amer.  Joum.  Physiol.,  1915, 
xxxviii,  98. 

189)  Martin,  E.  G.  and  Stiles,  P.  G.    Amer.  Joum.  Physiol.,  1916,  xl,  194. 

190)  Martin,  E.  G.  and  Stiles,  P.  G.    Amer.  Joum.  Physiol.,  1915,  xxxvii,  94. 

191)  Bayliss,  W.  M.    Joum.  Physiol.,  1901,  xxvi,  173. 

192)  Bayliss,  W.  M.    Joum.  Physiol.,  1902,  xxviii,  276. 

193)  Januschkb,  H.    Wien.  klin.  Wochenschr.  1913,  xxvi,  869. 

194)  Bardy,  H.    Skand.  Arch.  Physiol.,  1915,  xxxii,  198. 

195)  Richardson,  H.  and  Wyatt,  O.    Amer.  Joum.  Physiol.,  1918  xlv,  655. 

196)  Whelan,  J.  B.    Cleveland  Med.  Joum.,  1917,  xvi.  111. 

197)  Ebbecke,  U.    Arch.  f.  d.  gesammt.  Physiol.,  1917,  cbrix,  1. 

198)  Stevenson,  H.  N.  and  Reid,  M.  R.    Bull.  Johns  Hopkins  Hosp.,  1915, 

xxvi,  21. 

199)  Henderson,  Y.  Amer.  Joum.  Physiol.,  1917,  xlii,  589. 

200)  Hooker,  D.  R.  Amer.  Joum.  Physiol.,  1918,  xlvi,  591. 

201)  ScHAPER,  E.  S.  Quart.  Joum.  Exper.  Phvsiol.,  1920,  xii,  373. 

'202)  LucKHARDT,  A.  B.  AND  Carlson,  A.  J.    Amer.  Joum.  PhysioL,  1921,  Ivi,  72. 

Reflexes  of  the  Alimentary  Tract 

(203)  Cannon,  W.  B.    The  mechanical  factors  of  digestion.  New  York,  1911. 

(204)  Cannon,  W.  B.    Amer.  Joum.  Physiol.,  1909,  xxiii,  p.  xxvii. 

(205)  Carlson,  A.  J.    The  control  of  hunger  in  liealth  and  disease,  Chicago,  1916. 

(206)  Rogers,  F.  T.    Amer.  Joum.  Physiol.,  1917,  xlii,  605. 


Digitized  by 


Google 


APTERENT  PATHS  FOR  VISCERAL  REFLEXES  521 

;207)  Cablson,  a.  J.    Amer.  Joum.  Physiol.,  1913,  xxxii,  245,  389. 

208)  Carlson,  A.  J.    Amer.  Joum.  Physiol.,  1913,  xxxi,  212. 

209)  Cannon,  W.  B.  and  Libb,  G.  W.    Amer.  Joum.  Physiol.,  1911,  xxix,  267. 

210)  Brunemeier,  E.  H.  and  Cablson,  A.  J.    Amer.  Joum.   Physiol.,  1916, 
xxxvi,  191. 

[211)  Babbbb,  W.  H.  and  Stbwabt,  G.  D.    Proc.  Soc.  Exper.  Biol,  and  Med. 
1920,  rni,  156. 

212)  Cannoi^,  W.  B.    Amer.  Joum.  Physiol.,  1908,  xxiii,  106. 

213)  Melmbb,  S.  J.  AND  AuEB,  J.    Zentralbl.  f.  Physiol.,  1906,  xx,  455. 

214)  Mikulicz,  J.  von.    Mitteil,  a.  d.  Greuzgeb.  d.  Med.  u.  Chir.  1903,  xii,  569. 

215)  Cannon,  W.  B.    Amer.  Joum.  Physiol.  1907,  xx,  283. 

?16)  Best,  F.  and  Cohnheim,  O.    Sitzimgsb.  d.    Heidelberger  Akad.   math.- 
naturw.  Klasse,  1910,  23,  Abhand. 

217)  White,  F.  W.    Amer.  Joum.  Med.  ScL,  1918,  clvi,  184. 

218)  Babclat.    The  alimentary  tract,  New  York,  1915. 

219)  Cablson,  A.  J.    Amer.  Joum.  Physiol.,  1914,  xxxiv,  155. 

220)  Batliss,  W.  M.  and  Stabling,  E.  H.    Joum.  Physiol.,  1899,  xxiv,  99. 
;221)  Magnus,  R.    Arch.  f.  d.  gesammt.  Physiol.,  1904,  cii,  123,   132;  ciii,  515, 

525. 

[222)  Cannon,  W.  B.  Amer.  Joum.  Physiol.,  1912,  xxx,  114. 

[223)  Cannon,  W.  B.  Amer.  Joum.  Physiol.,  1902,  vi,  251. 
224)  Cannon,  W.  B.  Amer.  Joum.  Physiol.,  1911,  xxix,  250. 

226)  GuNN,  J.  A.  AND  Undebhill,  S.  W.  F.    Quart.  Joum.  Exper.  Physiol., 
1915,  viii,  275. 

226)  MOllbb,  R.    Arch.  f.  d.  gesammt.  Physiol.,  1908,  cxxiii,  387. 

227)  Alyabez,  W.  C.  and  Stabkweatheb,  E.    Amer.  Joum.  Physiol.,  1918-19, 
xlvi,  186;  1,  262. 

228)  Alvabez,  W.  C.  and  Stabkweatheb,  E.    Amer.  Joum.  Physol.,  1919, 
1,  262. 

DoGDBL,  A.  S.    Anat.  Anz.,  1895,  x,  517. 

[230)  MtJLLBB,  L.  R.    Deuttch.  Arch  f.  Klin.  Med.,  1911,  cv,  1. 

[231)  Sakttssbfp.    Compt.  Rend.  Soc.  Imp.  d.  Natur.  d.  St.  Petersburg,  1895. 
232)  Smibnow.    Internal.  Monatsschr.  f.  Anat.  u.  Physiol.,  1893,  x,  248. 

234)  Babkin,  B.  p.    Bull.  d.  TAcad.  Imp.  d.  Sc.  Petrograd,  1916,  999. 

235)  Pavlopp,  I.  P.    The  work  of  the  digestive  glands,  London,  1910. 
[236)  ExNEB,  A.    Arch.  f.  d.  gesanunt.  Physiol.,  1902,  bcxxix.  253. 
237)  Shobt,  a.  R.    Brit.  Med.  Joum.,  1919,  ii,  164. 

HoTz,  G    Mitteil.  a.  d.  Grengeb.  d.  Med.  u.  Chir.,  1909,  xx,  257. 
239)  Meltzeb,  S.  J.  and  Aueb,  J.    Zentralbl.  f.  Physiol.,  1907,  xxi,  71;  Proc. 

Soc.  Exper.  Biol,  and  Med.,  1907,  iv,  39. 
;240)  Cannon,  W.  B.  and  Mubpht,  F.  T.    Joum.  Amer.  Med.  Assoc.,  1907, 

xlix,  840. 

241)  Lehmann,  a.  v.    Arch.  f.  d.  gesammt.  Physiol.,  1912,  cxlix,  413. 
'242)  Mebzbacheb,  L.    Arch.  f.  d.  gesammt.  Physiol.,  1902,  xcii,  585. 
;243)  Goltz,  Fb.    Arch.  f.  d.  gesammt.  Physiol.,  1891,  li,  570. 
[244)  Goltz,  Fb.  and  Ewald,  J.  R.    Arch.  f.  d.  gesanm[it.  Physiol.,  1896,  Ixiii, 

262. 
(246)  Elliott,  T.  R.  and  Babclat-Smith,  E.    Joum.  Physiol.,  1904,  xxxi,  272. 


Digitized  by 


Google 


522  S.   W.  RANBON 

(246)  Bainbridqe,  F.  A.  and  Dale,  H.  H.    Joum.  Physiol.,  1905,  xxxiii,  138. 

(247)  Lebon,  H.  and  Auboubq,  P.    Presse  Med.,  1913,  xxi,  093. 

(248)  Meltzbr,  S.  J.    Amer.  Med.,  N.  S.,  1906,  i,  37. 

(249)  Kahn,  R.  N.    Arch.  f.  (Anat.  u.)  Physiol.,  1903,  Suppl.,  386. 

(250)  Miller,  F.  R.  and  Shebrinqton,  C.  S     Quart.  Joum.  Exper.  Physiol., 

1915,  ix,  147. 

(251)  KiTAJBw,  T.  J.    Thesis,  Kassan,  1908  (Russian). 

(252)  Kroneckbr  and  Mbltzer,  S.  J.    Arch.  f.  (Anat.  u.)  Physiol.,  1883,  Suppl. 

328. 

(253)  Mbltzer,  S.  J.    Amer.  Journ.  Physiol.,  1899,  ii,  266. 

(254)  Mbltzer,  S.  J.    Zentralbl.  f.  Physiol.,  1905,  xix,  993. 

(255)  Mbltzer,  S.  J.  and  Attbr,  J.    Zentralbl.  f.  Physiol.,  1906,  xx,  338. 

(256)  Makoto,  I     Zentralbl.  f.  Physiol.,  1906,  xx,  413. 

(257)  Miller,  F.  R.    Arch.  f.  d.  gesammt.  Physiol.,  1911,  cxliii,  21. 

(258)  Valenti,  a.    Zentralbl.  f.  Physiol.,  1906,  xx,  449. 

(259)  Valenti,  A.    Arch.  f.  exper.  Path.  u.  Pharm.,  1910,  Ixiii,  118. 

(260)  ScHt^LLER,  J.    Arch.  f.  d.  gesammt.  Physiol.,  1911,  cxli,  133. 


Digitized  by 


Google 


THE    PHYSIOLOGICAL   EFFECT    OF    UNDERNUTRITION 

GRAHAM  LUSK 
Department  of  Physiology,  Cornell  University  Medical  College,  New  York  City 

Diogenes  Laertius  states  that  the  philosopher  Heraclitus  (bom 
about  B.C.  435),  despairing  of  mankind,  retired  to  the  mountains 
where  he  lived  entirely  upon  vegetables  and  herbs,  became  dropsical, 
and  died.  In  the  year  A.D.  586,  when  famine  desolated  France,  a 
similar  diet  produced  edema  and  death.  Gaspard  (16),  who  records 
the  above,  also  describes  famine  and  death  in  Guadaloupe  among 
4000  negroes,  who  became  completely  hydropic  upon  a  diet  of  plants 
and  mallow  herbs. 

Gaspard  also  carefully  describes  the  disastrous  famine  which  over- 
whelmed west  central  France  in  1817,  and  which  he  personally  wit- 
nessed. Dxiring  the  first  three  months  of  the  year  the  inhabitants 
lived  on  potatoes,  oat  bread,  bran  and  other  poor  foods.  When  these 
resources  were  exhausted  the  unfortunate  people  were  reduced  to 
existing  upon  the  pasture  of  animals.  Materials  such  as  the  oyster 
plant,  wild  sorrel,  nettles,  the  patience  dock,  chicory,  thistles,  the 
peelings  of  tender  branches,  etc.,  formed  their  dietary.  This  herbage 
was  hashed,  cooked  and  thereby  reduced  to  a  pulp,  as  is  conmionly 
done  with  spinach  and  sorrel.  Such  a  diet,  when  constantly  taken, 
always  resulted  in  dropsy  of  the  cellular  tissues,  without  ascites,  with- 
out icterus,  without  organic  lesions  of  the  liver  or  other  abdominal 
viscera.  Many  women  stated  that  their  menses  ceased.  It  was  later 
foimd  that  the  nmnber  of  conceptions  during  this  period  was  less 
than  half  the  nimiber  which  occurred  during  the  corresponding  months 
of  the  preceding  and  following  years.  The  dropsical  condition  con- 
tinued throughout  the  entire  period  of  the  use  of  this  diet  and  did  not 
disappear  until  the  harvest  season  restored  normal  hmnan  food.  For 
months  or  even  years  thereafter  some  of  the  individuals  exhibited 
swollen  abdomens,  or  edema  of  the  face,  of  the  legs  or  of  the  feet. 

Those  who  were  the  least  vigorous  or  who  had  subsisted  longest 
on  this  diet  of  herbage  died  on  account  of  it.  Sometimes  they 
perished  of  starvation  at  the  roadside.  Others  died,  not  of  famine, 
but  from  a  kind  of  indigestion  caused  by  a  gluttonous  indulgence  in 
barley  bread  when  this  became  available  at  the  time  of  the  new  harvest. 
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The  siege  of  Paris  (54)  from  September  19,  1870,  to  Januaiy  28, 
1871,  imprisoned  for  over  4  months  two  million  French  people  who 
endured  extreme  privation.  Especially  the  old  people  and. the  children 
perished  from  want  of  suitable  food,  the  lower  classes  imdergoing  untold 
miseries  of  himger  and  cold.  Two  months  before  the  end  of  the  siege 
the  supplies  of  milk  and  meat  were  practically  exhausted.  Diuing  the 
last  10  days  bread  was  rationed  at  the  rate  of  300  grams  per  day  per 
person,  with  half  rations  to  children  imder  five.  The  bread  contained 
30  per  cent  of  flour.  "The  quality  is  horrible,  black,  heavy, 
miserable  stuff,  made  of  flour,  oatmeal,  peas,  beans  and  rice."  Cats, 
dogs  and  rats  were  eagerly  devoured.  The  death  rate  reached  4465 
weekly,  or  at  the  rate  of  116  per  1000  per  annimi.  Scmry  broke  out 
on  accoimt  of  the  dominant  diet  of  bread  and  rice.  Delpech  (8)  states 
that  the  presence  of  scurvy  was  directly  traceable  to  the  absence  of 
fresh  vegetables.  In  one  prison,  out  of  250  prisoners,  65  had  scurvy, 
of  whom  11  died.  On  January  23,  the  127th  day  of  the  siege,  mobs 
of  poor,  starving  people  were  in  the  streets  crying  *'Donnez  nous  du 
pain."  The  capitulation  of  the  city  followed  5  days  later  upon  the 
complete  exhaustion  of  the  food  supply.  During  the  2  weeks  following 
the  armistice  the  death  rate  averaged  4561  per  week  in  contrast  with 
1122  per  week  during  the  corresponding  weeks  of  the  year  previous  (41). 

The  following  picture  of  the  onset  of  imdemutrition  in  Germany 
during  the  war  of  1914-1918,  is  presented  by  Rubner  (49).  The 
blockade  was  at  first  inefficient  and  there  was  no  change  from  the  nor- 
mal food  supply  imtil  April,  1916.  For  the  winter  of  1916-1917  the 
department  of  food  supplies  planned  to  provide  rationed  foods  in 
amounts  which  may  be  contrasted  with  the  quantities  actually  fur- 
nished, as  follows: 


Bread 

Potatoes 

Butter  and  margarine 

Milk 

Meat 

Eggs  (per  piece) 

Sugar 

Cereals 

Totals 


A8  PLANNED 

Amount 

Protein 

Calo- 
ries 

oratnt 

271.0  gm. 

17.2 

688 

710.0  gm. 

14.9 

710 

18.0  gm. 

140 

200.0  cc. 

6.8 

111 

70.0  gm. 

10.7 

158 

0.3 

4.2 

53 

32.0  gm. 

125 

53.8 

1085 

A8  ACTUALLT  PBOYIDBO 


Amount 

Protein 

grama 

271.0  gm. 

17.2 

357.0  gm. 

7.5 

11.4  gm. 

36.0  gm. 

4.5 

0.07 

1.0 

26.0  gm. 

9.8  gm. 

0.9 

31.1 

Calo- 


688 
341 


78 

13 

104 

31 

1344 
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The  reduced  allowance  was  not  everywhere  obtamable.  In  the 
cities  only  a  third  of  the  quantity  of  meat  allowed  was  distributed, 
and  in  mid-winter  2.5  kgm.  of  turnips  weekly  were  substituted  for  a 
ration  of  2  kgm.  of  potatoes.  Additional  unrationed  foods  could 
be  purchased  at  high  prices. 

The  exclusion  of  animal  foods  from  the  diet  made  it  monotonous, 
and  for  the  many  it  was  no  better  than  the  fare  of  prisoners  sixty  or 
seventy  years  before.  Garnishings,  spices,  in  short  all  things  which  might 
have  served  to  improve  the  flavor  of  the  food,  were  lacking.  Soups, 
vegetables,  and  above  all,  turnips  were  the  dominant  note.  The 
chief  characteristic  of  this  diet  was  its  high  water  content,  due  to  the 
absence  of  fat,  which  was  replaced  by  carbohydrate  foods.  Such 
foods,  with  the  exception  of  bread,  are  largely  diluted  with  water. 
Sugar,  which  usually  serves  to  concentrate  the  food  value  of  many 
dishes,  was  allowed  in  too  small  quantities  to  be  of  much  servdce. 

Rubner  remarks  that  the  first  result  of  an  insufficient  diet  is  a  de- 
crease in  the  efficiency  of  laborers.  This  is  evidenced  by  the  fact 
that  fatigue  comes  on  more  quickly  than  usual.  Not  only  is  there  a 
decrease  in  the  muscular  efficiency  of  paid  laborers,  but  also  in  people 
living  sedentary  Uves;  the  muscular  activities  which  are  concerned  with 
the  normal  preservation  of  health  become  restricted.  The  love  of 
roaming  and  of  sport  is  lost,  children  cease  to  play,  and  a  person 
avoids  as  far  as  possible  all  bodily  exertion.  The  mood  of  the 
individual  affects  the  result.  Thus  one  may,  by  special  effort,  over- 
come the  sensation  of  fatigue  for  a  certain  number  of  days  in  order  to 
accomplish  a  definite  result,  as  does  the  soldier  who  advances  by 
magnificent  forced  marches  in  anticipation  of  victory.  But  this 
is  a  very  different  matter  in  comparison  with  the  accomplishment 
of  work  in  the  dull,  monotonous  daily  grind  of  civiUan  hfe.  During 
the  war  certain  Italian  farm  laborers,  receiving  450  grams  of  flour 
daily,  accomplished  their  work.  When  this  ration  was  cut  to  250 
grams  they  refused  to  work. 

The  same  apathy  is  true  as  regards  mental  work.  The  love  of 
accomplishment,  the  power  of  performance,  the  note  of  personal  initia- 
tive are  absent,  which  impulses  imder  ordinary  conditions  increase 
the  assimilation  of  food  and  favor  muscular  energy.  As  the  mind  be- 
comes depressed,  muscular  movements  become  slow  and  listless.  It  is 
related  that  a  distinguished  mathematician  of  Leipzig,  in  order  to 
conserve  his  food  requirement,  remained  in  bed  most  of  the  day,  doing 
his  intellectual  work  while  in  bed. 
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Rubner  estimates  that  the  amount  of  nomishment  which  should 
be  taken  daily  by  an  average  adult  contains:  Calories,  2569;  Protein, 
91  grams.  The  official  ration  offered,  in  contrast,  only  one-half  the 
calories  and  one-third  the  protein  required.  Furthermore,  bread 
made  from  wheat  milled  at  95  per  cent  extraction  showed  a  loss  of 
40  per  cent  of  its  nitrogen  in  the  stools,  even  in  strong,  healthy  men 
accustomed  to  rough  fare.  A  bread  intended  for  the  use  of  prisoners 
and  made  of  rye,  maize,  and  potato-flour  showed  a  loss  of  47.3  per 
cent  of  its  nitrogen  in  the  feces.  The  mixed  diet  of  peace  time  showed 
a  loss  of  10  per  cent  of  nitrogen,  while  the  coarse,  vegetarian  war 
diet  showed  that  20  or  even  50  per  cent  of  the  nitrogen  of  the  diet 
could   not  be   absorbed. 

Life  under  these  conditions,  Rubner  estimated,  caused  a  reduction 
in  body-weight  among  those  of  the  urban  population  who  were  over 
25  years  of  age  from  an  average  weight  of  60  kgm.  to  one  of  49,  or 
a  loss  of  very  nearly  20  per  cent. 

The  Prussian  authorities  estimated  the  increase  in  the  civilian  death 
rate  as  follows: 


TBAB 

NOBMAL  »  100 

DEATHS  ABOVK  THE  NORMAL  BATE 

1913 

100 

1914 

100 

1915 

100 

1916 

114 

1917 

132 

260,000 

1918 

137 

294,000 

On  this  basis  800,000  deaths  were  computed  as  ascribable  to  the 
blockade  and  its  consequences.  The  validity  of  the  interpretation 
requires  assessment,  but  it  is  certain  that  imder-nutrition  dimin- 
ished physical  and  mental  power,  reduced  resistance  to  disease,  and 
also  that  the  evils  of  the  time  were  furthered  by  lack  of  warm  cloth- 
ing, lack  of  coal  for  heating  purposes,  and  to  extreme  mental  excitement. 

It  will  be  recognized  from  the  above  general  descriptions  of  partial 
famine  that  it  is  akin  to  the  undernutrition  among  the  poor  of  large 
cities  prior  to  the  war. 

Protein  metabolism.  The  functional  activity  of  living  matter  is 
primarily  due  to  the  arrangement  of  protein  in  protoplasm.  A  wasted 
organism,  with  diminished  muscle  tissue,  is  a  characteristic  result  of 
protein  undernutrition.    The  minimum  quantity  of  protein  destruc- 
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tion  in  the  human  being  is  to  be  found  after  giving,  during  a  long 
period  of  time,  a  diet  containing  sufficient  calories,  at  least  one-third 
of  which  must  be  in  carbohydrate,  preferably  in  sugar,  but  which  con- 
tains no  protein.  The  urinary  nitrogen  may  thus  be  reduced  to  only 
2.2  grains  daily  or  even  less.  This  level  of  protein  metaboUsm  has 
been  termed  by  Rubner  the  "wear  and  tear"  quota  of  protein  me- 
tabolism. More  recently  he  (50)  has  defined  it  as  being  the  zero  point 
of  protein  metabolism. 

The  "wear  and  tear"  quota  includes  the  protein  required  for  the 
growth  of  the  hair,  nails,  epidermis  and  epitheUa;  it  includes  the  losses 
through  the  digestive  juices  and  through  the  wear  and  tear  on  all  the 
organs  of  the  body,  especially  the  daily  destruction  of  protein  involved 
in  the  demoUtion  of  the  cellular  elements  of  the  blood.  It  is  increased 
in  menstruation,  pregnancy  and  lactation,  but  is  unchanged  in  old  age. 

Muscular  work  is  without  influence  upon  this  factor. 

Rubner  calculates  that  the  "wear  and  tear"  quota  of  protein  metab- 
olism corresponds  to  0.044  gram  of  nitrogen  per  kilogram  of  body 
weight  daily,  or  0.0303  mgm.  per  minute,  an  infinitesimal  quantity. 
Since  a  well-nourished  man  of  70  kgm.  contains  approximately  2100 
grams  of  nitrogen,  and  the  wear  and  tear  quota  corresponds  to  about 

3  grains  of  nitrogen  daily,  one  may  estimate  an  inevitable  daily  loss 
of  0.14  per  cent  of  the  total  body  protein,  unless  food  protein  is  fur- 
nished with  which  to  repair  the  machine,  to  replace  the  worn-out  parts. 

Rubner  states  that  under  certain  conditions  a  diet  containing  only 

4  grams  of  protein  nitrogen  will  protect  the  body  from  losing  protein 
nitrogen,  consequently  1  gram  protein  may  protect  525  grams  of  body 
protein  from  loss  of  substance.  However,  should  the  protein  in  the 
diet  contain  only  3  grams  of  nitrogen,  then  on  the  first  day  of  the  diet 
1  gram  of  body  protein  N  would  be  lost;  thereafter  the  nitrogen  loss 
would  be  constantly  less  imtil  finally  equihbrium  would  be  reached  with 
3  grams.  Assuming  the  mean  loss  during  this  period  to  have  been  0.5 
gram  of  nitrogen  daily  and  the  total  loss  525  grams,  it  is  obvious  that 
it  would  require  1050  days  or  nearly  3  years  to  deplete  the  body  of  a 
quarter  of  its  protein  store.  Biologically  the  nitrogen  minimum  is  a 
protective  mechanism  of  the  cells  against  their  destruction.  This  is 
an  important  theoretical  conception  of  Rubner 's  clear-visioned, 
scientific   mind. 

To  accomplish  nitrogen  equihbrium  at  a  low  level  of  nitrogen  intake 
it  is  necessary  to  provide  protein  of  a  chemical  composition  similar  to 
that  of  the  protoplasm  which  is  being  disintegrated.     It  is  in  this 
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particular  that  a  dietary  may  lamentably  fail.  For  this  reason  meat 
and  more  especially  milk  are  sought.  Rubner,  in  a  personal  letter  to 
me,  states  that  the  decline  in  the  health  of  the  German  people  was 
coincident  with  the  falling  ofif  of  the  milk  supply  (see  p.  547).  During 
(11)  has  written  of  the  importance  of  the  milk  question  in  Austria. 
He  makes  the  striking  statement  that  the  milk  supply  of  Germany  in 
normal  times  had  nearly  twice  the  monetary  value  of  the  output  of 
all  the  German  mines,  inclusive  of  coal. 

The  loss  of  body  protein,  A  characteristic  of  undernutrition  is  a  pro- 
longed loss  of  body  nitrogen  when  the  caloric  content  of  the  food  is 
insufficient  to  cover  the  needs  of  the  individual.  This  was  first  indicated 
by  the  work  of  Landergren  (35). 

Of  striking  interest  and  importance  in  this  connection  is  the  work  of 
Jansen  (27)  upon  normal  and  healthy  medical  students  occupied  in 
the  Munich  medical  cUnic  of  Friedrich  Miiller.  Fifteen  such  indivi- 
duals were  given  the  official  food  ration  containing  1600  calories  and 
60.6  grams  of  protein  (9.7  grams  of  N).  Nitrogen  balance  experi- 
ments were  carried  out  upon  them  for  between  6  and  31  days  during 
March,  1917.  Prior  to  the  experiments  the  men  had  been  for  some 
time  on  short  rations,  especially  as  regards  the  protein  element.  The 
average  loss  in  weight  since  the  beginning  of  the  war  had  been  about 
5  kgm.  The  average  weight  of  the  subjects  was  62  kgm.  While 
partaking  of  the  above  dietary  the  men  lost  weight  daily  and  also 
about  2  grams  of  body  nitrogen.  This  loss  could  be  attributed  to  a 
deficiency  of  calories  in  the  diet,  for  the  addition  to  the  diet  of  500 
calories  in  the  form  of  milk-sugar  resulted  in  the  maintenance  of  body 
weight  as  well  as  of  nitrogen  equilibrium.  Also,  withdrawal  of  900 
calories  in  the  form  of  carbohydrate  from  the  official  ration  produced 
an  even  greater  loss  of  body  protein  than  when  1600  calories  were  given. 
These  relations  are  shown  on  the  following  page. 

Benedict  (4)  and  his  co-workers  independently  made  the  same  dis- 
covery. Benedict  selected  a  number  of  healthy  young  men  inclined 
to  athletic  prowess,  some  of  them  over-weight  for  their  height,  and  set 
about  to  reduce  their  weights  about  10  per  cent.  The  kind  of  food 
taken  was  an  average  mixed  diet  but  in  lesser  quantity  than  was  taken 
by  other  men  not  on  the  "diet  squads."  A  typical  diet  sufficient  for 
the  maintenance  of  body  weight  contained  2559  gross  calories  and  12.85 
grams  of  nitrogen.  A  typical  day*s  ration  on  the  reduced  diet  con- 
tained 1555  gross  calories  and  8.78  grams  of  nitrogen,  of  which  3.27 
grams  were  of  animal  origin. 
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Influence  of  the  official  ration  of  Munich,  March,  J 917,  upon  the  protein  metabo^ 

lism  of  medical  students 


▲OB 

BBX 

WBIOBT 

DAILT 

CHANOB  IN 

WBIOHT 

FOOD 

NiN 

UBINK 

AND  rBCES 

N  BAX<ANCB 

Caloriea 

N 

kgm. 

gnma 

gravM 

gram* 

1 

32 

M 

67.6  1 

-250 
+    0 

1632 
2105* 

9.72 
9.74 

11.97 
10.29 

-2.25 
-0.56 

4 

23 

M 

67.0  1 

-250 
+200 

1630 
2027* 

9.61 
9.54 

11.74 
9.75 

-2.13 
-0.21 

12 

21 

M 

63.6  1 

-350 

+280 

1616 
2107* 

9.89 
9.65 

12.63 
9.79 

-2.74 
-0.14 

5 

22 

M 

64.6  1 

-400 
-200 

1624 
730t 

9.72 
10.69 

11.29 
14.74 

-1.58 
-4.15 

9 

22 

F 

61.3  1 

-500 
-350 

1630 
736t 

9.61 
10.59 

11.81 
13.77 

-2.20 
-3.19 

10 

25 

F 

60.4/ 

-380 
-420 

1630 
735t 

9.61 
10.59- 

9.93 
13.41 

-0.33 
-2.81 

*  Plus  500  calories  in  milk-sugar, 
t  Minus  900  carbohydrate  calories. 

Twelve  men  (squad  B)  partook  during  one  week  of  a  diet  containing 
1534  gross  calories,  daily  eliminated  115  in  the  feces,  84  in  the  urine, 
and  therefore  utilized  1336  calories,  or  87  per  cent  of  the  gross  energy'' 
ingested.  They  took  8.21  grams  of  nitrogen,  of  which  0.89  gram 
appeared  in  the  feces,  leaving  7.32  grams  or  89  per  cent  for  other  dis- 
tribution.   The  protein  of  the  diet  was  therefore  normally  digested- 

During  a  period  of  3  weeks  the  twelve  men  (squad  B)  partook  of 
food  which  yielded  1375  utilizable  calories  and  contained  8.19  grams 
of  nitrogen  daily.  The  nitrogen  of  the  urine  and  feces  averaged  11.29 
grams  per  person.  Hence,  protein  containing  3.10  grams  of  nitrogen, 
or  approximately  that  present  in  100  grams  of  lean  meat,  was  lost  daily 
from  the  bodies  of  these  persons  during  the  period  of  this  low  caloric 
intake.  This  would  amount  to  a  loss  of  about  2.1  kgm.  of  such  pro- 
tein-containing tissue  in  3  weeks.  The  average  loss  in  weight,  how- 
ever, was  4.4  kgm.  or  6.5  per  cent  of  the  original  body  weights.  If 
one  calculates  that  a  kilogram  of  body  weight  contains  30  grams  of 
nitrogen,  then  67.9  kgm.,  the  average  original  weight,  contained  2037 
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grams.  If  of  this  65  grams  were  lost  from  the  body,  the  loss  of  body 
nitrogen  would  have  been  only  3.2  per  cent  of  the  total  original  quantity 
present.  The  body  weight  had  fallen  much  more  rapidly,  indicating  a 
removal  of  fat  and  water  content  from  these  heretofore  well-nourished 
individuals. 

Another  group  of  individuals  (squad  A)  underwent  a  more  prolonged 
and  a  greater  reduction.  During  4  months  the  greatest  average  loss 
of  body  weight  in  five  individuals  amounted  to  11.2  per  cent  and, 
according  to  the  principle  enunciated  above,  it  may  be  calculated 
that  these  five  individuals,  whose  loss  of  body  nitrogen  was  determined 
during  86  days,  averaged  166  grams  each  or  8.1  per  cent  of  their  original 
nitrogen*  content.  This  calculation  is  imperfect  on  account  of  lack 
of  dietary  control  on  Sundays  and  during  the  Thanksgiving  and  Christ- 
mas hoUdays  when  protein  could  have  been  added  to  the  body. 

It  has  long  been  known  that  in  the  last  stages  of  fasting  an  animal, 
having  exhausted  its  stores  of  fat,  may  subsist  upon  its  previously 
well-protected  protein  supply.  Conditions  analogous  to  these  are 
reported  by  Loewy  (58)  in  experiments  upon  himself.  Weighing  64 
kgm.  in  1914,  he  lost  12.75  kgm.  during  3  years  of  war  or  20  per  cent^ 
When  taking  a  diet  of  1500  to  1800  calories,  containing  7  to  8  grams  of 
absorbable  nitrogen,  his  urine  contained  on  successive  days  12.6,  16.6, 
12.5,  15.1,  17.0,  16.5  grams.  The  great  waste  of  body  protein  of  which 
this  was  the  proof  and  the  physical  and  mental  depression  the  portent, 
was  entirely  stopped  by  the  addition  of  200  grams  of  butter  fat  to  the 
daily  ration.  Body  protein  had  been  attacked  in  the  absence  of  any 
other  available  source  of  energy. 

Retention  of  protein.  An  organism  which  has  been  depleted  of  its 
protein  shows  a  great  avidity  for  protein  deposition  when  occasion 
offers.  This  was  long  ago  shown  by  Rubner  for  the  dog.  Kestner 
(29)  reports  results  obtained  by  adding  100  to  120  grams  of  meat 
to  a  hospital  diet  administered  to  patients  who  had  suffered  from 
extreme  protein  hunger.  The  following  example  may  be  cited: 
Patient  J;  weight  51  kgm.;  slightly  nervous  female;  of  ruddy  appearance. 


Hospital  diet  (average  of  4  days) . .      . 
Hospital  diet  +  100  to  120  grams  meat 
(average  of  3  days) 
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In  this  case  the  whole  of  the  protein  of  the  meat  was  deposited  in-  the 
depleted  cells  of  the  body. 
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Kohn  (32)  reports  that  a  woman  laboratory  helper  weighing  47 
kgm.,  who  suffered  from  chronic  imdemutrition  in  its  most  severe 
form,  partook  on  one  day  of  a  diet  containing  826  calories  and  1.04 
grams  of  nitrogen,  and  the  loss  of  body  nitrogen  amounted  to  2.57 
grams.  The  addition  of  a  bit  of  cheese,  which  raised  the  nitrogen  of  the 
diet  to  5.23  grams,  caused  a  gain  to  the  body  of  nitrogen  amounting  to 
1.97  grams  on  the  day  following.  The  animal  protein  of  the  cheese 
not  only  prevented  a  loss  of  2.57  grams  of  body  nitrogen,  but  was  also 
sufficient  to  be  seized  upon  for  constructive  purposes  by  the  famished 
cells  of  the  organism. 

The  urine  of  the  undernourished  patient  of  Kohn  showed  no  ab- 
normalities in  the  relative  distribution  of  nitrogenous  constituents  (33). 

Fiirth  (15)  finds,  however,  that  the  presence  of  a  gram  of  nitrogen 
in  the  urine  of  people  suffering  from  chronic  undernutrition  is  accom- 
panied by  a  relatively  high  caloric  value  of  the  dried  solids  of  such 

Calories 
urine.    The  caloric  quotient        -j^ —  was  between  9  to  13.3.    Since 

this  quotient  for  urea  is  5.42,  for  uric  acid  8.22,  for  creatinin  11.40, 
Fiirth  infers  the  increased  presence  in  the  urine  of  oxyproteic  acids 
(quotient  38.0)  and  hippuric  acid  (quotient  72.4). 

Oxyproteic  acid  is  a  characteristic  urinary  constituent  when  body 
tissue  is  being  destroyed,  and  hippuric  acid  occurs  when  benzoic  acid 
compounds  are  present,  as  in  a  predominantly  vegetarian  diet. 

Von  Hoesslin  (22)  shows  the  very  great  and  continued  capacity  of 
an  extremely  imdemourished  person  to  appropriate  food  protein  for 
the  development  of  body  tissue.  An  adequate  quantity  of  food  pro- 
tein is  desirable  for  this  purpose,  as  well  as  an  adequate  intake  of 
calories.  The  following  table  represents  the  results  obtained  upon  a 
person  during  a  period  of  four  weeks.  Values  are  given  for  24-hour 
periods: 
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This  represents  an  addition  of  124  grams  of  nitrogen  to  the  body  in 
4  weeks. 
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The  avidity  with  which  tissues  depleted  of  protein  appropiate  new 
protein  for  constructive  piuposes  has  been  frequently  observed  after 
wasting  disease,  and  a  kindred  property  is  also  possessed  by  the  tissues 
of  growing  infants. 

The  energy  metabolism.  The  dietary  prescribed  by  Carl  Voit  for  an 
average  laboring  man  contained  about  3000  available  calories.  During 
the  war  the  EngUsh  came  to  the  conclusion  that  the  requirement  of  the 
average  adult  man  was  3000  utiUzable  calories.  Allowing  for  loss 
through  transportation,  marketing  and  spoilage,  3300  calories  were 
estimated  as  the  basis  for  the  calculation  of  necessary  national  supplies. 
These  figures  were  adopted  as  standard  by  the  Interallied  Scientific 
Food  Commission,  which  also  fixed  the  following  relative  food  values 
when  estimating  the  needs  of  a  family: 

Man 1.00  Child  10-13  years 0.83 

Woman 0.83  Child  6-10  years 0.60 

Boys  over  13  years 1.00  Child  under  6  years 0.50 

Girls  over  13  years 0.83 

A  recent  (1921)  study  of  the  diets  of  the  working  classes  of  Vienna 
by  Gibbon  and  Fei^uson  (17)  shows  that  the  average  dietary  contains 
only  2064  calories  "per  man"  per  day  instead  of  the  necessary  3000. 

Forty-nine  famiUes  were  investigated.  The  lowest  energy  value 
was  1269  calories.  The  fat  was  taken  mostly  in  the  form  of  margarine. 
ReUef  agencies  contributed  about  500  calories,  or  about  one-fourth  of 
the  daily  intake.  Children  between  2  and  3  years  of  age  were  26.6 
per  cent  under  normal  average  weight  and  13.6  per  cent  imder  the 
average  normal  height.  Rickets  was  found  in  29  famiUes  the  caloric 
intake  of  which  averaged  1885  calories  "per  man"  per  day,  but  was 
absent  in  20  famiUes  which  partook  on  the  average  of  2325  calories 
"per  man."  The  writers  observe,  "It  is  hopeless  to  expect  from  a 
population  on  such  diets  the  initiative  and  vigor  by  which  alone  the 
country  can  be  saved  from  ruin." 

Among  German  farmers  0.  Blum  (7)  found  no  reduction  in  body 
weight  during  the  first  3  years  of  the  war,  for  they  received  3200 
calories  and  101  grams  of  protein.  The  men  workers  in  a  small  town, 
on  the  contrary,  lost  12  per  cent  in  weight  and  the  women  workers 
7  per  cent,  their  dietaries  having  fallen  to  2200  calories  with  a  protein 
content  of  54  to  75  grams.  This  work  is  confirmed  by  Loewy  and 
Brahm  (36)  who  showed  that  at  a  time  when  the  poor  in  the  cities 
were  receiving  25  to  50  grams  of  protein  and  1400  to  1800  calories  and 
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were  losing  weight  and  body  protein,  country  people  were  doing  well 
upon  a  diet  of  bread  and  potatoes  with  small  amounts  of  meat,  milk 
and  cheese,  containing  in  all  3500  calories  and  100  grams  of  protein. 
They  state  that  their  findings  prove  that  their  peace-time  conclusions 
regarding  the  quantities  of  food  required  for  human  nutrition  were 
correct. 
Friedrich  Miiller,  commenting  upon  this  situation  writes: 

Naively  thinking  man  eats  food  without  mental  consideration,  still  less  with- 
out giving  ear  to  the  current  nutrition  doctrines  of  Liebig,  or  Hindhede,  or  Ragnar 
Berg,  but  rather  like  a  wild  animal  he  follows  his  instinct  until  he  is  fully  satisfied. 
He  considers  himself  wrongly  dealt  with  when  he  is  prevented  from  doing  this. 
It  is  therefore  natural  that  the  self-provider  should  take  care  of  himself  first,  of 
his  children,  his  relatives,  his  servants,  and  his  cattle,  and  that  he  should  anxiously 
hoard  for  the  future In  times  of  need  the  struggle  for  existence  takes  incon- 
siderate forms,  the  interest  of  individuals  clash,  and  hand  in  hand  with  these 
conditions  the  moral  sense  and  the  sense  of  right  and  wrong  are  lowered. 

Most  of  the  food  diflSculties  of  Germany  occurred  in  middle-class 
families,  such  as  teachers,  business  people  and  pensioners  who  could 
not  demand  and  receive  the  enormous  pay  of  common  laborers. 

In  German  institutions  such  as  prisons,  prison  camps  and  insane 
asyliuns,  the  conditions  were  worse  than  among  those  who  were  free 
to  struggle  to  obtain  foods  in  excess  of  the  oflScial  rations.  In  such 
institutions  reductions  of  20,  30  and  even  46  per  cent  of  the  original 
weight  were  observed  as  the  result  of  continued  restriction  to  the 
oflScial  ration,  which  was  inadequate  for  the  maintenance  of  body 
weight  (42).    One  report  ran  "The  inmates  are  all  dead." 

The  effect  of  emaciation  upon  the  energy  metabolism.  Magnus-Levy 
(39)  first  pointed  out  the  great  reduction  in  the  heat  production  which 
takes  place  as  the  accompaniment  of  emaciation.  The  results  may 
be  briefly  recorded  in  the  following  table: 
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Low  diet 
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It  is  evident  that  the  reduction  of  the  weight  of  a  man  by  30  per 
cent  may  lead  to  a  reduction  in  his  requirement  of  energy  by  44  per  cent, 
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a  factor  of  conservation.  Allen  and  Du  Bois  (1)  commented  on  this 
fall  in  metabolism  as  affecting  individuals  who  are  under  weight,  for 
they  found  that  twenty  "normal  controls,"  selected  by  Benedict  and 
Joslin  (3)  for  comparison  with  diabetic  patients,  proved  to  have  an 
average  metaboUsm  which  was  8.6  per  cent  less  per  square  meter  of 
body  surface  than  the  general  average  among  normally  nourished 
individuals.  Allen  and  Du  Bois  also^  noted  the  great  reduction  of 
heat  production  in  diabetic  patients  fasted  in  accordance  with  the 
Allen  program  of  treatment.  In  Geyelin's  diabetic  patient,  C.  K., 
the  original  body  weight  was  74.1  kgm.  before  the  onset  of  the  disease. 
Calculated  on  the  normal  Du  Bois  standard  for  human  nutrition  of  40 
calories  per  square  meter  of  body  surface  per  hour,  his  basal  metabo- 
lism would  have  been  1920  calories  daily.  After  having  been  the 
subject  of  severe  diabetes  and  prolonged  undernutrition  this  individual, 
when  he  again  oxidized  glucose,  manifested  a  basal  metabolism  of 
only  1032  calories  daily,  or  25.4  calories  per  square  meter  of  body 
surface  per  hour.  The  reduction  in  body  weight  had  been  43  per 
cent  and  in  total  heat  production  46  per  cent  below  the  original  normal 
level. 

Next  in  historical  sequence  come  the  important  experiments  of 
Zuntz  and  Loewy  (57),  (58)  who  for  many  years  had  been  masters  in 
the  craft  of  metabolism  workers.  The  metaboUsm  records  of  Zuntz 
cover  a  period  of  29  years  and  may  be  thus  epitomized: 

Metabolism  of  Zuntz 


YBAB 

AQE 

WEIGHT 

Of  OC.  PER 
MINUTE 

CALORIES  PER 
SQUARE  METER 
(MEEH)  per  DAT 

kgm. 

1888 

41 

65.2 

236 

804 

1901 

54 

67.6 

231 

780 

1903 

56 

67.6 

228 

773 

1910 

63 

68.5 

235 

792 

1916 

69 

60.6 

198 

709 

1917 

70 

59.4 

.  198 

723 

There  was  no  influence  of  age  upon  the  heat  production  up  to  the 
sixty-third  year  of  Zuntz 's  Ufe.  Zuntz  at  the  age  of  65  was  able  to 
sit  up  all  night  and  personally  supervise  a  metabolism  experiment 
which,  lasted  24  hours.  He  was  then  still  physically  young.  Be- 
tween 1888  and  1910  the  metabolism  of  Zuntz  had  varied  between  16.4 
and  17.3  small  calories  per  minute  and  kilogram  of  body  weight.  The 
reduction  in  body  weight  due  to  the  undernutrition  of  the  war  not  only 
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reduced  the  heat  production  per  square  meter  of  body  surface  but 
also  the  calories  produced  per  kilogram  and  minute  fell  to  15.65  in 

1916  and   15.9  in   1917. 

The  experiments  upon  Loewy  tell  in  part  the  same  story.  The 
necessitous  times  reduced  his  body  weight  from  65  kgm.  in  1914  to 
67  kgm.  in  1916,  a  loss  of  12  per  cent.  Whereas  before  the  war  he 
produced  726  calories  per  square  meter  of  body  surface  and  a  total 
of  1429  calories  daily,  or  22.9  calories  per  kilogram  per  day,  in  1916  the 
requirements  of  his  basal  metaboUsm  were  631  calories  per  square 
meter,  a  total  of  1169  calories  or  20.5  calories  per  kilogram.    But  in 

1917  Loewy 's  weight  had  fallen  to  51  kgm.,  a  total  loss  of  body  weight 
amounting  to  22  per  cent  since  the  beginning  of  the  war.  In  July, 
1917,  the  urinary  nitrogen  excretion  had  risen  to  17  grams  when  there 
were  only  7  to  8  grams  of  protein  nitrogen  and  between  1500  to  1800 
calories  in  the  dietary  (see  p.  530).  A  higher  energy  metabolism  was 
the  result  of  the  higher  protein  metabolism,  as  is  always  to  be  antici- 
pated imder  such  conditions.  The  emaciated  body  of  Loewy  under  the 
circumstances  produced  on  July  23,  1917,  as  its  basal  metabolism,  758 
calories  per  square  meter  of  surface  (Meeh),  25.6  calories  per  kilogram, 
and  a  total  of  1307  calories  for  the  day.  Zuntz  and  Loewy  compare 
this  result  with  the  finding  Zuntz  (56)  had  previously  made  upon  an 
undernourished  dog  the  energy  requirement  of  which  was  increased 
during  the  later  stages  of  undernutrition,  as  appears  from  the  following: 


WEIGHT 

CALOBIS8  PBB 
8QUABE  IIETEB 

Start 

kgm. 

10.0 
4.98 
4.1 

931 

Eleventh  month 

631 

Twelfth  month 

921 

Presumably,  toward  the  end  the  body  fat  failed  to  supply  the  requi- 
site energy,  and  body  protein  was  the  sole  remaining  resource  to  make 
up  the  deficit  of  energy  in  the  dietary. 

It  is  to  be  hoped  that  an  experiment  Uke  that  upon  Loewy  will  not 
be  repeated  in  the  near  future,  but  though  it  stands  by  itself,  it  must 
be  accepted  as  representing  one  of  the  probable  contingencies  in  ex- 
treme emaciation. 

The  work  of  Benedict  (4)  and  his  associates  concerned  itself  with 
determining  the  basal  metaboUsm  of  the  healthy  young  men  whose 
weight  was  being  reduced  by  administering  a  diet  containing  some  good 
animal  protein,  but  decidedly  deficient  in  caloric  value  (see  p.  528). 
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The  results  upon  the  eleven  young  men  composing  squad  A  may  be 
thus  summarized: 


DT7BIKO 

NORMAL 

DIET  (3000 

CALOSIB8) 

BBPTBMBEB 

29-30 


Basal  metabohsm  in  calories  (Table  128) . . . 

Calories  per  kilogram  (Table  132) 

Calories  per  square  meter  body  surface. 
Body  weight  in  kilograms* 


DUCBD  DIBT 
JANUASr 

26-27 


1686.0 

25.2 

940.0 

67.0 


END  OF 
PBBIOD 


1367.0 
22.3 

788.0 
61.3 


FEB  CENT 
REDUCnON 


19.0 
11.5 

16.2 
8.5 


♦Calculated  from  above  data. 

During  the  period  of  reduction  the  diets  usually  contained  2000  and 
later  1500  available  calories.  The  Sunday  and  holiday  periods  were 
uncontrolled. 

Of  greater  import  is  the  result  of  the  sudden  reduction  in  the  dietary 
of  squad  B.  An  intake  of  food  stated  to  have  contained  4000  calories 
daily  per  man  was  reduced  to  one  containing  1375  net  available  calories 
per  man  per  day,  and  this  lowered  dietary  was  continued  for  a  period 
of  3  weeks. 

While  partaking  of  the  normal  diet  squad  B  on  four  different  occa- 
sions showed  measurements  of  basal  metabolism  amounting  to  40.5, 
40.7,  40.3  and  39.6  calories  hourly  per  square  meter  of  body  surface 
(Du  Bois  formula).  The  last  and  most  important  determination  upon 
this  diet  showed  a  value  of  only  36.8  calories.  Benedict  writes  of  this 
determination,  "The  possible  factors  of  fatigue  and  depth  of  sleep 
thus  entered  into  this  experiment  as  in  no  other  one  in  this  series.", 

If  one  be  permitted  to  assume  that  the  true  normal  basal  values  for 
these  men  are  averages  of  the  two  determinations  40.3  and  39.6  calories 
per  square  meter,  and  1.08  and  1.06  calories  per  kilogram  of  body 
weight,  then  one  may  perhaps  be  allowed  the  Uberty  of  rearranging 
Benedict's  table  34  and  add  to  it  the  analysis  presented  on  page  529 
of  this  review.    Such  a  rearrangement  gives  the  following  information: 


Basal  metabolism  in  calories 

Calories  per  kilogram 

Calories  per  square  meter  body  surface 

Body  weight  in  kilograms 

Body  nitrogen  in  grams 


DURING 

NORMAL 

DIET 


1745.0 

25.7 

872.0 

67.9 

2037.0 


END  OP 
PERIOD  OP 

1375 
CALORIES 


1293.0 

20.4 

647.0 

63.4 

1972.0 


PER  CENT 
REDUCTION 


32.0 

20.0 

27.0 

6.5 

3.2 
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This  table  shows  that  the  loss  of  a  paltry  65  grams  of  body  nitrogen 
bears  no  relationship  to  the  enormous  reduction  in  basal  metabolism 
which  follows  the  ingestion  of  a  diet  containing  an  inadequate  content 
of  calories.  So  not  only  is  there  a  mechanism  of  nitrogen  minimum, 
protecting  life  from  destruction  (see  p.  527),  but  here  also  appears 
a  biological  adaptation  to  a  lowered  energy  intake,  preventing  the 
exhaustion  of  the  reserve  of  body  fat. 

One  can  compare  the  results  obtained  here  with  the  results  calculated 
by  Lusk  (37)  regarding  the  man  who  fasted  31  days  in  Benedict's 
laboratory; 


BBNBDICT'S 
rABTnfOMAN 

BBNSDICr'S 
SQUAD B 

Percentage  reduction  in  basal  metabolism 

29 

277 

16 

32 

Loss  of  body  nitrogen,  grams 

65 

Percentage  loss  of  body  nitrogen 

3 

It  is  quite  extraordinary  that  the  ingestion  of  a  dietary  deficient  in 
calories,  extending  over  3  weeks,  should  bring  down  the  basal  metabo- 
lism of  well-nourished  young  men  to  the  same  extent  as  fasting 
might  have  been  expected  to  accomplish.  A  minimal  metabolic  rate, 
which  is  two-thirds  that  of  the  normal  basal  metabolism,  seems  to  be 
easy  to  establish  and  affords  another  of  those  striking  "factors  of  safety" 
of  which  Meltzer  has  so  cogently  written.  Whether  the  reduction  be 
due  to  a  disturbance  in  the  glands  of  internal  secretion,  to  a  diminished 
secretion  of  th3rroxin  in  the  absence  of  adequate  protein  and  calories 
in  the  diet,  for  example,  is  a  field  for  speculation  and  investigation. 

The  effects  of  a  normal  diet  after  undernutrition.  No  satisfactory 
experiments  regarding  the  effect  of  a  sufficient  diet  following  one 
which  induced  undernutrition  have  ever  been  recorded  in  man. 


Basal  metabolism,  normal  nutrition 

Fifteenth  fasting  day 

Second  day  of  food  containing  14.3  cals.  per  hour. 
Day  after  food  containing  28.6  cals.  per  hour..  . . 
After  8  days  of  food  containing  28.6  calories  per 
hour 


kgm. 

9.25 

7.45 

7.6 

7.9 

8.0 


CALOBIES 
PEB  HOUB 


15.5 
13.0 
12.6 
13.0 
13.9 


0.80 
0.73 
0.80 
0.93 
0.88 


Anderson  and  Lusk  (2)  made  the  above  observations  upon  the 
influence  of  a  normal  maintenance  diet  upon  the  basal  metabolism  of 
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a  dog  before  and  after  fasting.  The  food  was  given  at  one  time  18 
hours  before  the  metabolism  was  determined. 

Evidently  the  condition  of  the  body  and  n6t  a  large  influx  of  food  on 
the  day  previous  determines  the  height  of  the  basal  metabolism. 

The  prodiAction  of  mechanical  work  during  undernutrition.  There  is  no 
doubt  that  the  well-nourished  individual  feels  a  zest  for  his  work,  while 
the  under-nourished  tries  to  avoid  all  work.  Walking  gives  no  pleasure 
to  an  underfed  seamstress  nor  golf  to  a  half-starved  professor. 

Important  results  have  been  obtained  experimentally  by  Jansen 
(27)  upon  men  who  accomplished  heavy  work  when  partaking  of  an 
insufficient  diet.  Three  subjects  abstained  from  muscular  work  for 
3  days  and  then  they  walked  together  over  level  ground  distances  of 
18, 20,  and  25  kilometers  (11, 12.5, 16  miles)  on  3  successive  days.  This 
was  accomplished  in  a  driving  snowstorm,  while  underfoot  there  was 
mud  and  melting  snow,  so  that  tramping  was  exceptionally  difficult 
and  wearisome.  The  diet  remained  the  same  throughout  the  experi- 
ment and  contained  60  grams  of  protein  and  1628  calories,  the  official 
Munich  ration  of  the  time  (see  p.  528).  The  labor  of  making  such  a 
walk  would  not  have  been  great  under  ordinary  circumstances,  and 
yet  the  subjects  returned  home  each  day  over-fatigued  and  exhausted. 
Each  of  the  subjects  on  one  occasion,  was  forced  to  come  home  by  tram- 
car  during  the  return  journey,  so  great  was  the  fatigue  experienced. 
One  of  them  (Ebert)  on  his  return  home  fell  into  a  state  of  prostration 
through  weakness.  The  skin  was  paUid,  respiration  shallow  and 
quickened,  pulse  small  and  slow,  temperature  subnormal,  profuse 
sweating  from  the  whole  body  surface;  there  was  no  acetone  in  the 
urine.  Another  of  the  subjects  gave  indications  of  the  same  symptoms 
on  the  second  day.  Apathy  and  psychic  depression  were  present  in 
all  three  men  during  the  evenings  of  these  days  of  exertion.  The 
experiments  present  two  different  findings  as  far  as  protein  metabolism 
is  concerned.  In  one  person  the  protein  metabolism  was  not  increased 
as  the  result  of  muscular  work.  In  the  other  two  persons  the  habitual 
nitrogen  deficit  increased  about  one  gram  daily  above  the  deficit  in- 
duced by  the  low  caloric  diet.  This  corresponds  to  an  increase  of 
about  10  per  cent  in  the  total  protein  metabolism.  These  results 
may  thus  be  summarized  in  the  accompanying  table. 

The  average  weight  of  the  three  men  at  the  time  was  57  kgm.  A 
complete  explanation  of  the  increase  in  protein  metabolism  due  to 
work  is  not  possible. 
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SUBJECT 

PXBIOD 

FOOD 

EXCBBTA  N 

BODT  N 

Calories 

N 

[ 

Rest 

1630 
1628 

1630 
1628 

1630 
1628 

9.61 
9.54 

9.61 
9.54 

9.61 
9.54 

11.83 
12.70 

11.55 
10.76 

10.81 
11.78 

-2.22 

Ebert   I 

Work 

-3.16 

DififereDce 

—0  94 

Rest 

-1.94 

Legtoe 

Work 

-1.22 

Difference 

+0.72 
-1.19 

Rest 

Beholz 

Work 

-2.22 

Difference 

—1.03 

Two  of  the  men  were  subjected  to  respiration  experiments  12  hours 
after  the  second  and  third  days  of  walking.  These  experiments  had 
to  be  carried  out  at  so  late  an  interval  because  the  persons  concerned 
were  too  exhausted  immediately  after  their  walks  to  be  satisfactory 
subjects  for  experimentation.  The  experiments  yielded  surprising 
results,  both  as  regards  the  duration  of  the  after-effects  of  the  exercise 
and  the  height  of  the  metabolism.  For  example,  the  average  increase 
in  the  basal  metabolism  of  Legfene  was  found  to  be  50  per  cent  above 
the  normal,  or  an  increase  from  1440  calories  to  2160  for  24  hours.  High 
respiratory  quotients  were  noted,  the  average  being  about  unity. 
Jansen  states  that  the  explanation  of  this  high  quotient  lay  in  the 
irritable  condition  of  the  subject.  The  subjects,  who  had  formerly 
yielded  themselves  freely  to  this  form  of  experimentation,  no  longer 
had  either  the  will  power  or  the  physical  energy  requisite  for  accom- 
plishing an  exact  experiment  and  fell  into  a  state  of  excitement  which 
was  manifested  by  the  increased  respiratory  movements.  The  ventila- 
tion of  the  lungs  was  abnormally  increased.  This  would  lead  to  an 
"Auspumpung''  of  carbonic  acid  from  the  blood  which  would  explain 
the  high  respiratory  quotient.  There  must  have  been  stimuli,  perhaps 
orgam'c  acids,  circulating  in  the  blood,  which  acted  to  stimulate  the 
respiratory  center. 

This  clear-cut  presentation  of  disaster  following  severe  labor  during 
undernutrition  was  presented  by  Gowland  Hopkins  to  Chittenden 
and  me  at  a  private  meeting  held  in  the  rooms  of  the  Royal  Society 
in  London,  March,  1918,  as  an  unanswerable  argument  against  the 
reduction  of  the  importation  of  bread  for  the  people  of  the  United 
Kingdom. 
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Iltzhofer  (25)  explains  the  great  increase  in  pulmonary  ventilation 
following  muscular  exertion  when  taking  a  low  diet  containing  1630 
calories  as  being  due  to  an  increased  susceptibility  of  the  respiratory 
center  to  hydrogen  ions. 

Iltzhofer  (26)  has  recently  published  the  details  of  the  respiration 
experiments  upon  the  medical  students  investigated  by  Jansen,  and 
shows  that  another  person,  when  partaking  of  a  normal  diet  in  1918, 
gave  no  indication  of  increased  metaboUsm  following  the  accomplish- 
ment of  mechanical  work  similar  in  amount  to  that  done  by  the  medical 
students.  An  interesting  point  is  brought  out  by  Loewy  (58),  who 
found  that  in  his  exhausted  condition  induced  by  undernutrition  (see 
p.  530),  there  was  an  increased  production  of  calories  in  his  body  for 
accomplishing  a  unit  of  mechanical  work  when  he  walked  on  a  moving 
platform  set  at  an  incline  of  22  per  cent.  For  example,  in  one  experi- 
ment, after  9  minutes  of  climbing,  6.5  calories  were  required  to  raise 
1  kgm.  of  his  body  weight  1  meter  high,  whereas  after  35  minutes,  8.6 
calories  were  required  to  do  the  same  amoimt  of  work,  an  increase  of 
32  per  cent.  No  similar  increase  would  have  been  observed  in  a 
normally  nourished  individual.  Loewy,  who  was  57  years  old,  remarks: 
"It  is  not  astonishing  that  an  older  man,  exhausted  by  undernutrition, 
should  quickly  experience  an  increase  in  metaboUsm  per  imit  of  muscle 
work.  It  is  the  expression  of  diminished  muscle  power  or  of  previous 
overexertion. " 

It  is  evident  from  these  experiments  that  the  human  body  has  no 
means  of  economizing  energy  for  the  production  of  work  when  work 
is  done  after  emaciation  and  during  undernutrition. 

In  the  case  of  squad  B,  investigated  by  Benedict,  the  individual  men 
were  caused  to  walk  on  a  treadmill  at  the  rate  of  2.6  miles  per  hour 
before  and  after  their  reduction  in  weight  by  a  diet  of  1375  calories 
daily.  The  increase  in  metabolism  involved  in  moving  one  kilogram 
of  body  weight  in  a  horizontal  direction  was  tested.  The  results 
were  very  variable.  Of  eleven  subjects  tested  after  the  3  week  p)eriod 
of  undernutrition,  four  showed  an  increase  in  metabolism  per  horizontal 
kilogrammeter  of  body  movement,  one  no  change,  and  six  a  decrefise 
from  the  level  found  when  the  men  were  Uving  on  a  normal  diet. 
Averaging  the  whole  material,  Benedict  finds  that  the  men  after  re- 
duction can  propel  a  kilogram  of  body  weight  one  meter  horizontally 
at  an  average  expenditure  of  energy  which  is  less  by  6  per  cent  than 
was  necessary  to  efifect  the  same  amount  of  work  in  the  state  of  normal 
nutrition. 
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This  does  not  accord  with  the  results  obtained  by  Joffe,  Ponlton 
and  Ryffel  (28),  who  compared  the  eflSciency  of  an  under-nourished 
individual,  the  basal  metabolism  of  whom  was  only  26.6  calories  per 
square  meter  of  body  surface  per  hour  (Du  Bois  formula)  instead  of  the 
normal  of  40  calories,  with  the  eflSciency  of  a  normally  nourished  per- 
son. The  individuals  walked  at  rates  varying  between  3  to  5  miles 
an  hour.  It  was  concluded  that  when  the  individual  is  not  fatigued, 
prolonged  undernutrition  causes  no  alteration  in  the  eflSciency  with 
which  musular  work  is  carried  out.  The  energy  equivalent  necessary 
to  propel  1  kgm.  1  meter  horizontally  is  the  same  in  the  state  of  under- 
nutrition as  in  the  state  of  normal  nutrition.  This  accords  with  the 
experiments  of  Anderson  and  Lusk  on  the  dog  (see  p.  542) 

No  experiments  have  been  made  to  test  the  capacity  of  endurance 
in  such  men  as  Benedict  investigated.  It  would  be  interesting  to  have 
men  ride  stationary  bicycle  ergometers  until  they  were  exhausted,  a, 
before  reduction,  6,  after  reduction  on  an  insuflBcient  diet,  c,  after 
reduction  on  a  sufficient  diet. 

The  general  physical  reaction  of  the  men  to  undernutrition  Benedict 
described  as  follows: 

1.  Feelings  of  general  weakness  and  tiredness,  a  condition  commonly 
expressed  in  college  slang  as  lack  of  "pep''  or  drive,  when  it  seemed  to 
require  more  energy  to  accomplish  a  given  amount  of  work  and  it 
was  necessary  to  urge  one's  self  harder. 

2.  Weakness  of  the  legs  and  accompanying  unpleasant  sensations  of 
fatigue,  particularly  in  stair-climbing. 

3.  Subnormal  gymnasium  and  athletic  performance,  as  shown  by 
inability  to  continue  the  rapid  calisthenics  or  to  do  the  heavy  apparatus 
work  for  the  prescribed  time  and  with  the  usual  subjective  satisfaction 
and  generally  to  produce  effectively  sudden  bursts  of  energy. 

I  have  been  informed  by  one  who  was  a  constant  and  expert  witness 
of  the  gymnasium  performances  of  these  men  that  they  could  be  readily 
diflferentiated  from  their  fellows  by  their  distinct  lack  of  physical  power. 
After  the  restricted  diet  the  men  ate  food  in  enormous  quantities  and 
rapidly  regained  their  original  weights.  No  experiments  upon  their 
physical  power  immediately  upon  return  to  an  adequate  diet  were 
made.  It  would  be  very  important  to  determine  if,  given  adequate 
food  fuel  to  sustain  prolonged  muscular  effort,  men  who  had  been 
moderately  reduced  in  weight  as  were  these  subjects  of  Benedict  would 
not  have  been  equally  powerful  physically  after  reduction  as  they 
had  been  prior  to  the  period  of  undernutrition.    Rubner  (49),  however. 
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aflBrms  that  an  increase  in  efficiency  after  undernutrition  is  to  be 
observed  only  in  those  who  were  formerly  over  weight. 

In  work  upon  a  dog  Anderson  and  Lusk  (2)  found  that  the  quantity 
of  energy  required  to  accomplish  a  given  amount  of  work  was  the  same 
whether  the  dog  was  in  the  best  nutritive  condition  or  had  lost  20  per 
cent  in  weight  after  13  days  of  fasting.  The  dog  moved  horizontally 
on  a  treadmill  at  the  rate  of  3  miles  (4800  meters)  per  hour,  and  when 
well  nourished  accomplished  this  work  at  the  expense  of  an  extra  energy 
production  of  0.580  kilogrammeter  per  kilogram  of  body  weight  trans- 
ported 1  meter,  whereas  after  13  days  of  fasting  an  energy  equivalent 
of  0.584  kilogrammeter  was  required  to  accomplish  the  same  unit 
of  work.  By  reduction  of  the  body  weight,  therefore,  it  was  con- 
cluded that  one  may  economize  in  the  quantity  of  basal  metabolism,  one 
may  economize  in  the  quantity  of  food  fuel  required  to  move  the  lesser 
body  weight,  but  if  a  given  amount  of  work  is  to  be  done  it  can  be 
accompUshed  only  at  the  expense  of  a  definite  quantity  of  energy, 
irrespective  of  the  body  weight.  The  very  constant  results  obtained 
with  this  well-trained  dog  are  in  marked  contrast  with  the  extremely 
varying  results  obtained  subsequently  by  Benedict  (see  p.  540)  upon  men 
before  and  after  reduction  of  their  body  weights,  but  they  are  in 
agreement  with  the  findings  of  Joffe,  Poulton  and  Ryffel.  It  should 
be  remembered  that  dogs  are  often  fasted  for  several  days  before  they 
are  run  in  a  hunt,  without  any  evident  decrease  in  their  muscular  power. 

Anaiomical  changes  mthtm  the  body.  It  has  been  noted  by  German 
authorities  (50)  that  the  loss  of  body  fat  causes  a  considerable  dis- 
placement of  the  anatomical  position  of  various  organs  of  the  body.  In 
many  a  loss  of  subserous  and  mesenteric  fat  produced  conditions  in 
which  the  stomach  and  intestines  were  not  as  firmly  held  in  position 
as  formerly.  A  greater  displacement  of  the  heart  and  a  ptosis  of  the 
stomach,  intestines,  kidney,  uterus  and  vagina  were  observed.  Cases 
of  rupture  and  intestinal  obstruction  were  commonly  reported  (9). 
Accompanying  the  general  atrophy  in  human  beings  caused  by  inani- 
tion Kreger  (34)  describes  a  great  diminution  in  the  weight  of  the 
spleen,  Uver,  pancreas,  heart,  testis,  thyroid  and  kidney,  while  the 
brain  and  adrenal  lose  little  or  no  weight. 

Chemical  changes  wiihin  the  body.  When  body  fat  is  oxidized  it  is  often 
replaced  in  the  body  by  the  addition  of  water,  as  has  been  shown  by 
Grafe  (18)  in  cases  of  obesity.  Schirmer  (52)  finds  that  the  fatty 
tissue  of  lean  people  is  richer  in  water  and  connective  tissue  than  is 
that  of  fat  people.  The  muscles  of  thin  people  also  contain  more  water 
than  do  those  of  fat  people. 
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Schinner  likewise  finds  that  the  fat  derived  from  the  muscles  of 
corpulent  people  has  a  higher  iodine  number  and  inferentially  contains 
more  oleic  acid  than  does  the  fat  found  in  the  muscles  of  thin  people. 

The  chemical  composition  of  the  protein  composing  the  muscle  of 
a  dog  appears  to  be  independent  of  diet,  whether  rice  or  meat  be  fed, 
or  of  the  nutritive  condition  of  the  animal.  Diesselhorst  (10)  found 
in  one  dog  that  a  sample  of  the  dog's  muscle  showed  that  the  C  :  N 
ratio  of  the  protein  content  (what  remains  after  extracting  with  water 
and  ether)  was  1 : 3.188  during  fasting  and  3.185  after  taking  a  mixed 
diet.  One  would  hardly  expect  that  the  chemical  constitution  of 
Uving  protein  would  change  in  its  essential  constitution,  only  that  its 
quantity  in  the  cell  might  vary. 

The  influence  of  external  cold.  All  authorities  are  united  in  the 
beUef  that  the  undernourished  organism  is  far  more  suceptible  to  the 
sensation  of  cold  than  is  the  well-nourished.  Protein,  the  most  costly 
of  the  food-stuffs,  causes  a  specific  stimulus  which  increases  the  heat 
production,  and  carbohydrate  and  fat,  when  absorbed  in  excess  of 
the  immediate  requirements  of  the  body,  both  cause  an  additional 
heat  production.  In  the  well-nourished  body  these  factors  are  protec- 
tive against  the  sensation  of  cold.  In  the  undernourished  body,  not 
only  is  the  heat  production  reduced  per  kilogram  and  per  square 
meter  of  surface,  but  the  lack  of  protein  and  of  an  excess  of  calories  in 
the  food  supply  reduces  to  a  minimum  the  extra  production  of  heat 
following  the  ingestion  of  food.  The  body  would  then  natxirally  re- 
act to  conserve  its  heat  resources  by  vasoconstriction  of  the  superficial 
arterioles,  which  would  leave  the  skin  cold  and  therefore  the  temper- 
ature receiving  sense  organs  especially  sensitive  to  cold. 

It  is  quite  probable,  though  not  definitely  ascertained,  that  the  pheno- 
menon of  increased  heat  production  in  the  presence  of  cold  (the  chemi- 
cal regulation  of  body  temperature)  would  be  accentuated  in  the  pre- 
sence of  imdemutrition,  thereby  becoming  an  important  element  in 
the  reduction  of  the  quantity  of  available  body  fat.  The  outcast  who 
has  suffered  from  hunger  and  cold  is  not  in  fit  condition  to  saw  wopd. 

The  heart  and  circulation.  Undernutrition  reduces  the  number  of 
heart  beats  per  minute.  Rubner  (50)  states  that  in  the  emaciated 
there  is  a  slowing  of  the  heart  rate  to  60,  50  or  even  to  40  per  minute. 
The  work  to  be  accompUshed  by  the  circulation  is  certainly  not  as 
great  as  formerly.  Determan  (9)  concludes  that  this  reduction  of  the 
burden  upon  the  heart  and  the  blood  vessels  must  be  beneficial  in 
heart  disease  and  especially  in  arteriosclerosis. 
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In  an  elaborate  study  by  Benedict  and  his  associates  of  the  pulse 
rate  of  men  who  had  been  reduced  by  partaking  of  a  diet  containing 
1375  available  calories  daily  for  3  weeks,  a  considerable  number  of 
them  showed  pulse  rates  reduce<i  from  a  normal  average  of  56  to  an 
average  of  40  beats  per  minute.  The  records  were  taken  early  in  the 
morning  when  the  men  were  still  in  bed.  The  rate  is  as  low  as  was 
observed  in  war  edema  in  Germany.  Electrocardiograms  of  these 
hearts  showed  normal  conditions.  There  appeared  to  be  no  change  in 
the  functional  eflSciency  of  the  heart;  the  reduction  of  rate  was  merely 
an  acconmiodation  to  the  lessened  requirements  of  circulation.  There 
was  the  usual  adaptive  increase  in  rate  when  additional  work  was 
called  for.  The  blood  pressure  was  reduced.  The  average  systolic 
pressure  fell  from  120  nam.  to  94  mm.  and  the  diastoUc  from  83  mm. 
to  64  nam.  The  pulse  pressure  was  therefore  diminished  from  37  mm. 
to  30  nam. 

The  influence  of  sex.  German  writers  are  generally  agreed  that  the 
war  diet  tended  to  produce  a  cessation  of  the  menses.  Rubner  (50) 
thiiJcs  that  this  complex  undoubtedly  depends  upon  the  great  reduc- 
tion in  the  protein  content  of  the  diet.  As  this  latter  factor  approaches 
the  nitrogen  minimum  or  falls  below  it,  amenorrhea  sets  in  as  a  pro- 
tective factor.  A  great  reduction  of  body  weight  is  not  essential. 
Eckstein  (12)  says  that  reports  of  this  difficulty  show  that  sometimes 
as  high  as  6  per  cent  of  the  women  concerned  in  an  investigation  might 
be  affected,  so  the  trouble  was  by  no  means  general.  The  cessation  of 
the  menses  lasted  between  2  to  18  months. 

The  development  of  the  ovum  and  the  abiUty  to  nurse  the  oflfspring 
were  not  reduced  (53).  Likewise  the  chemical  composition  of  the 
mothers'  milk  was  unchanged  (44),  though  its  quantity  might  be  re- 
duced. During  1916-17  the  death  rate  amopg  infants  was  below 
normal  because  mothers  in  increased  niunbers  suckled  their  offspring. 
All  this  confirms  the  biological  principle  of  the  sacrifice  of  the  mother 
for  the  welfare  of  the  offspring. 

Many  German  writers,  as  also  Benedict,  report  that  a  reduced  diet 
diminishes  the  libido  sezualis  among  men. 

War  Edema,  The  occurrence  of  edema  during  a  famine  in  France 
following  the  Napoleonic  wars  has  already  been  described.  The 
same  phenomenon  occurred  in  different  locaUties  in  Europe  during  the 
World  War.  Rossle  (48)  states  that  in  Bohemia  in  the  year  1917, 
22842  cases  were  reported,  of  whom  1028  died.  Nine  per  cent  of  the 
inhabitants  of  one  small  town  were  afflicted  with  the  disease. 
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The  condition  of  edema  occurs  after  chronic  inanition  extending 
over  months  and  years  and  upon  a  diet  containing  predominantly 
carbohydrate  and  little  protein.  Schifif  (51)  states  that  he  has  occa- 
sionally seen  apparently  well-nourished  individuals  with  this  disease. 
A  carbohydrate  diet  tends  to  favor  an  accumulation  of  water  in  the 
tissues.  The  occurrence  of  the  trouble  was  widespread,  especially  in 
the  cities,  and  occurred  predominantly  in  the  early  part  of  1917  when 
turnips  replaced  potatoes  in  the  dietary.  The  older  men,  40  to  55 
years  old,  were  especially  affected,  younger  people  and  women  much 
less.  There  was  a  swelling  of  legs,  arms,  and  sometimes  of  other 
parts,  but  no  pathological  changes  in  kidney,  heart,  or  liver,  nor  was 
there  any  other  severe  organic  lesion.  There  was  bodily  weakness, 
slow  pulse  (40  to  48),  a  reduction  in  the  volume  of  the  blood,  polyuria 
(3  to  4  liters),  blood  hydremia  and  sometimes  nervous  eymptoms. 
Rest  in  bed  and  better  food — ^more  fat,  milk,  meat  and  bread — ^usually 
effected  a  cure.    The  mortality  rate  was  not  high. 

Rubner  (50)  has  never  noticed  this  condition  in  fasting  dogs,  and 
concludes  that  the  acute  road  of  starvation  yields  a  sufficient  amoimt 
of  protein  metabolism,  and  this  he  considers  to  be  the  essential  factor 
in  preventing  the  edema.  The  fimctional  disturbances  may  be  very 
severe  and  often  do  not  disappear  with  the  regression  of  the  edema, 
while  weakness  and  emaciation,  slow  pulse,  and  frequent  urination 
may  persist  for  a  long  time  after  again  taking  a  normal  diet.  Even  the 
best  treatment  does  not  always  prevent  a  fatal  outcome,  though  autopsy 
may  show  no  organic  lesion.  There  is  in  general  a  regression  of  the 
disturbance  when  fresh  foods  are  obtainable  from  a  new  harvest. 

Those  who  have  been  cured  by  dieting  are  susceptible  to  a  recurrence 
of  the  disease  if  the  poor  diet  is  again  taken. 

Knack  and  Neumann  (30)  found  a  reduced  quantity  of  lipoids  in 
the  blood  of  patients  suffering  from  edema.  They  think  that  this 
reduction  of  lipoids  may  cause  damage  to  the  capillaries  and  to  the 
cell  walls,  thus  increasing  the  permeability  of  both.  After  adminis- 
tering carbohydrate  alone  in  the  form  of  turnips,  or  excess  of  water 
alone,  to  a  patient  who  had  recovered  from  edema,  there  was  no  re- 
currence of  the  difficulty,  but  when  both  were  administered  together 
edema  followed. 

Harden  and  Zilva  (20)  gave  to  a  monkey  250  to  300  grams  of  polished 
rice  daily,  with  a  yeast  preparation  to  furnish  the  water  soluble  vitar 
mine,  prepared  lemon  juice  to  furnish  the  antiscorbutic  vitamine,  and  a 
salt  mixture.    The  experiment  began  on  May  16,  1918.    A  decline 
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in  body  weight  began  the  end  of  January.  Edema  developed  on  Feb- 
ruary 27,  1919,  289  days  after  commencing  the  experiment.  The 
edema  persisted  and  grew  gradually  worse,  a  severe  diarrhea  set  in, 
and  the  animal  was  chloroformed  on  account  of  its  suffering. 

Falta  and  Quittner  (13)  beUeve  that  the  edema  is  due  to  the  large 
amount  of  chloride  ingested  in  the  food  and  is  analogous  to  diabetic 
edema  following  the  ingestion  of  sodium  bicarbonate  together  with 
a  diet  rich  in  salt.  The  day's  urine,  which  is  always  free  from  al- 
bimiin,  may  contain  40  to  45  grams  of  sodium  chloride. 

In  some  excellent  studies  upon  rats  Kohman  (31)  was  able  to  pro- 
duce edema  in  them  by  giving  a  diet  composed  largely  of  carrots  with 
carrots  as  the  only  source  of  protein.  Fats  or  fat  or  water-soluble 
vitamines  did  not  prevent  the  occurrence  of  the  edema  in  these  rats 
Uving  on  a  low  protein  diet.  The  salt  content  of  the  diet  had  no 
noticeable  effect.  A  large  water  intake  favored  the  development  of 
the  trouble.  Control  rats  received  casein  as  an  addition  to  the  diet, 
and  remained  in  good  health.  Hence,  the  carrots  did  not  contain 
"toxic"  substances.  This  research  confirms  the  opinion  of  Rubner 
that  a  diet  low  in  protein  produces  edema. 

Maver  (40),  reviewing  the  Uterature  of  nutritional  edema,  finds  no 
indication  that  a  lack  of  vitamines  is  concerned  in  its  production. 

Rubner  (50)  notes  that  polyuria  was  extensively  observed  in  1917 
and  is  to  be  explained  by  the  enormous  water  content  of  the  diet 
for  on  account  of  a  lack  of  fat  the  food  intake  consisted  of  bread,  turnips, 
vegetables,  potatoes  and  soup  preparations.  It  was  noticeable  that 
urinary  secretion  took  place,  especially  during  the  night  hours,  and 
bed-wetting  was  of  frequent  occurrence,  even  in  adults.  This  was 
due  to  a  delayed  absorption  of  food,  a  more  profound  sleep  in  weakened 
individuals,  to  the  absense  of  urea  and  the  purins,  and  of  tea  and  coffee 
as  diuretic  agents. 

Metabolism  of  atrophic  children.  The  same  problems  of  energy 
production  are  met  with  in  undernourished  children  as  in  the  cases  of 
adults.  Howland  (23),  (24)  investigated  the  metabolism  of  two  normal 
infants  (I  and  II) ;  also  the  metaboUsm  of  a  boy  (III)  6  months  old  who 
was  in  a  condition  of  extreme  malnutrition,  was  Uterally  skin  and 
bones,  with  no  fat  and  very  Uttle  musculature;  and  finally  the  metabo- 
lism of  an  8  year  old  girl  (IV)  emaciated  to  a  most  extreme  degree 
and  almost  devoid  of  musculature.  She  had  suffered  from  cerebro- 
spinal meningitis  6^  years  before. 
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The  energy  metabolism  of  these  children  may  thus  be  given: 
Heat  prodticiion  in  normal  and  undernourished  children 


Child  I.. 
Child  II. 
Child  III 
Child  IV. 


AGE 

WEIGHT 

CALORIES  IN  24  HOURS 

CONDITION 

Indi- 
rect 

Direct 

Per  square 
meter  surface 

lodi- 
rect 

Direct 

Normal 
Normal 
Malnutrition 
Atrophic 

3  mos. 
7  mos. 
6  mos. 
Syrs. 

kgm. 

4.65 
4.32 
3.05 
6.60 

340 
358 
188 
293 

333 
191 

1084 

1270 

868 

809 

1046 
886 

PER 
KILO- 
GRAM 


71.3 
83.0 
62.0 
44.4 


The  children  were  all  nourished  with  milk,  and  the  determinations 
were  made  when  they  were  asleep  after  food  ingestion.  Rowland's 
formula  (24)  for  determining  the  surface  area  of  children  was  employed. 
Using  this  formula,  the  results  are  usually  not  far  from  those  obtained 
by  using  that  of  Lissauer. 

It  appears  from  the  above  table  that  the  metabolism  of  atrophic 
children  is  less  per  kilogram  of  body  substance  and  per  square  meter  of 
surface  than  in  normal  children. 

It  is  to  be  greatly  regretted  that  no  work  similar  to  this  has  yet  been 
published  concerning  the  metabolism  of  undernourished  children  in 
Vienna. 

Von  Pirquet's  (47)  system  of  nutrition,  which  need  not  here  be 
analyzed,  seems  to  have  given  excellent  practical  results  in  the  nutri- 
tion of  the  underfed  Viennese  children.  Concerning  this  system  von 
Leersum  concludes,  ''plus  que  5a  change,  plus  c'est  la  mfime  chose." 
Fleming  (14)  states  that  only  when  children  are  one-third  under  weight 
for  their  ages  is  the  metabolism  abnormally  decreased. 

Xerophthalmia.  McCollum  and  Davis  (38)  and,  independently  and 
almost  at  the  same  time,  Osborne  and  Mendel  (45)  found  that  if  rats 
were  reared  upon  a  synthetic  diet  which  included  lard  or  a  vegetable 
fat  the  animals,  after  about  2  months,  ceased  to  grow  and  became 
afflicted  with  an  inflammation  of  the  eyes,  xerophthalmia.  Osborne 
and  Mendel  (46)  noted  the  great  eflSicacy  of  cod  liver  oil  as  a  cure  for 
this  condition.  Xerophthalmia  has  been  more  common  in  Denmark 
than  elsewhere,  probably  because  the  poor  there  eat  vegetable^  mar- 
garine and  export  Danish  butter.  In  1917,  during  the  submarine 
blockade,  the  prevailing  doctrine  in  Denmark  was  that  of  Hindhede 
to  the  effect  that  fat  was  a  dispensable  foodstuff,  an  error  also  cham- 
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pioned  by  von  Pirquet  (47A).  There  was  then  no  knowledge  in  Den- 
mark of  the  American  work.  Bloch  (5)  (6)  describes  how  the  Danish 
children  grew  to  be  weaklings,  without  appetite,  imder  height  and  imder 
weight  for  their  ages,  and  they  developed  xerophthalmia.  These 
conditions  were  cured  by  rationing  butter  and  selling  it  to  the  poor  at 
low  prices.  Administration  of  full  milk  and  cod  liver  oil  were  also 
effective.  Ten  grams  of  cod  Uver  oil,  given  twice  daily,  cured  the 
xerophthalmia  in  8  days  except  in  cases  in  which  its  administration 
had  been  too  long  delayed  to  save  the  eyesight. 

One  can  hardly  cite  a  more  clear-cut  example  of  the  benefits  con- 
ferred upon  a  people  from  knowledge  of  experimental  biological  science. 

It  is  not  within  the  scope  of  this  review  to  deal  with  the  deficiency 
diseases,  scurvy,  beri-beri,  pellagra  and  rickets,  concerning  each  one  of 
which  volumes  have  already  been  written,  and  each  one  of  which  is 
worthy  of  separate  consideration. 

Undernuiriiion  and  the  incidence  of  disease.  With  the  loss  in  weight 
it  was  particularly  noted  in  Germany  that  there  was  an  increased 
frequency  of  tuberculosis  until,  at  the  end  of  the  war,  the  death  rate 
from  this  disease  had  doubled  or  had  reached  the  height  which  it  had 
formerly  attained  before  modem  control  over  its  spread  has  been 
instituted.  More  new  cases  were  also  enumerated.  Young  children 
were  more  susceptible  to  it  than  formerly.  The  increased  suscepti- 
bility to  cold  likewise  increased  the  number  of  cases  of  pulmonary  in- 
fections. There  was  a  great  loss  by  death  of  people  over  60  years 
old.  Bodily  weakness  especially  threatens  people  of  old  age,  who 
may  live  for  many  years  when  amply  nourished,  but  when  under- 
nourished, succumb  to  an  ordinarily  unimportant  bronchitis,  catarrh 
of  the  stomach,  or  to  an  acute  infection  (9).  Recovery  after  surgical 
operations  was  also  more  difficult.  On  the  contrary,  war  nutrition, 
by  diminishing  the  intake  of  protein  and  preventing  over-nutrition, 
was  beneficial  to  many  diabetic  patients  (43).  The  reduction  in  the 
quantity  of  alcohol  taken  was  of  benefit  in  all  countries.  In  general, 
the  gastro-intestinal  tract  showed  itself  capable  of  adaptation  to  the 
war  diet  to  a  very  high  degree  (9). 

The  prevention  of  famine.  From  what  has  preceded  it  is  evident  that 
sufficient  food  is  essential  for  the  physical,  mental  and  moral  welfare 
of  a  nation,  and  it  therefore  follows  that  hmnan  intelligence  should 
be  used  for  the  prevention  of  famine.  The  doctrines  of  T.  B.  Wood 
(55)  became  the  recognized  EngUsh  agricultural  poUcy  during  the  war. 
Gruber  (19)  has  outlined  a  similar  poUcy  for  adoption  by  the  German 
people  in  the  light  of  their  situation  in  1920.    The  reasoning  is  funda- 
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mentally  sound.  He  begins  by  unrolling  a  hopeless  picture  of  the  food 
situation.  As  the  possibilities  of  emigration  are  limited,  twenty 
millions  Grermans  are  condemned  to  die  unless  they  are  able  to  help 
themselves.  People  in  their  position  cannot  speak  of  "pams  et 
circenses"  but  of  "panis  et  labor."  The  only  outcome  possible  is  to 
nourish  themselves  from  their  own  land  and  render  themselves  inde- 
pendent of  foreign  imports.  Notwithstandig  the  dark  prospect, 
Gruber  beUeves  it  possible  to  maintain  nourishment  from  home  pro- 
duce if  there  be  no  extravagance  and  especially  if  the  protein  intake 
contain  only  a  small  quantity  of  meat.  The  ox  is  an  irrational  utiUzer 
of  fodder;  if  too  many  cattle  are  maintained  an  irreplaceable  quantity 
of  fodder  is  wasted.  Agriculture  must  react  to  accord  with  this.  The 
population  needs  2600  calories  per  person  per  day,  or  for  60,000,000 
people  56  billion  calories  per  annum.  Notwithstanding  the  loss  of 
agricultural  districts,  171  billion  calories  can  be  produced  as  food  for 
men  and  beasts.  Of  this,  26  biUion  are  needed  for  horses,  leaving 
145  biUion  over  for  man  and  for  edible  animals.  Because  of  the  poor 
utilization  of  fodder  by  animals,  not  more  than  29  per  cent  of  the 
food  of  man  should  consist  of  milk,  meat  and  eggs  (which  the  fodder 
available  could  supply),  whereas  71  per  cent  should  come  from  vege- 
tables. It  is  necessary  for  agriculture  to  appreciate  its  high  patriotic 
obligation  not  to  increase  the  number  of  cattle  nor  to  neglect  the 
tilled  area.  Of  course,  this  is  not  to  be  accompUshed  by  force.  It 
must  be  done  by  explaining  the  situation.  Gruber  protests  against 
the  brewing  of  strong  beer  and  against  the  export  of  native  grain.  The 
nutrition  question  depends  upon  the  sense  of  responsibility  of  each 
individual,  producer  s^nd  consumer  alike.  .  The  problem  is  not  only 
psychical  but  a  matter  of  habit  and  of  will  power.  "The  German 
people  holds  the  fate  of  Europe  in  its  hand.  With  starvation,  anarchy 
will  come;  anarchy  in  Germany  would  mean  the  end  of  European 
culture." 

Hindhede  (21)  writes:  "The  (German)  people  must  first  have  bread, 
potatoes  and  cabbage  in  sufficient  quantity  and  then  some  milk.  Meat 
is  the  last  requirement  to  be  met.  If  the  people  must  wait  until 
the  pigs  and  cattle  have  sufficient  food,  they  will  die  of  starvation 
one  year  before  they  can  get  an  abundance  of  meat." 

During  the  last  year  of  the  war  E.  H.  Starling  said  vehemently  in 
England:  "We  will  not  ration  bread."  The  necessary  calories  were 
thereby  assured.  And  Herbert  Hoover  has  written,  "The  wheat 
loaf  has  ascended  in  the  imagination  of  enormous  populations  as  the 
positive  symbol  of  national  survival. " 
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ALBERT  P.  MATHEWS 
University  of  Cincinnati  Medical  School 

The  subject  of  adsorption  is  too  large  and  has  too  many  physiological 
ramifications  to  be  treated  in  its  entirety  in  twenty-five  pages.  It 
seemed  to  me  wiser,  therefore,  to  confine  this  review  to  the  funda- 
mental principles,  concerning  which  there  are  many  erroneous  con- 
ceptions and  much  confusion,  together  with  two  or  three  only  of  the 
physiological  applications. 

In  a  system  consisting  of  two  or  more  phases,  and  being  therefore 
heterogeneous,  it  is  often  observed  that  the  concentration  of  any  sub- 
stance is  either  greater  or  less  at  the  surface  of  contact  of  the  phases 
than  it  is  in  those  phases  themselves.  This  difference  of  concentration 
at  the  phase  boundary  is  what  is  known  as  adsorption.  If  the  concen- 
tration of  the  substance  is  greater  at  the  surface  of  contact  than  it  is 
in  either  phase,  it  is  called  positive  adsorption;  and  if  it  is  less,  negative 
adsorption.  The  word  adsorption  comes  from  two  Latin  words:  ad, 
meaning  to;  and  sorbere,  to  drink  up.  By  absorption  is  meant  a  drink- 
ing up  with  the  substance  which  is  drunk  up  distributed  throughout 
the  drinking  substance.  The  use  of  the  prefix  ad,  instead  of  a6,  has 
reference  to  the  fact  that  the  substance  drunk  up  adheres  to  the  sur- 
face and  does  not  penetrate  the  adsorbent.  For  example,  a  typical 
case  of  absorption  is  that  of  carbon  dioxide  by  alkali.  In  this  case  the 
gas  is  distributed  through  the  liquid;  all  cases  of  solution  are  cases  of 
absorption.  On  the  other  hand  the  condensation  of  water  vapor  on 
a  wire  net  or  other  surface  is  a  case  of  adsorption;  the  water  remains  at 
the   surface. 

The  distinction  between  these  processes  was  not  at  first  clearly 
recognized,  and  the  early  writers  speak  of  both  adsorption  and  absorp- 
tion under  the  name  of  absorption.  Thus  van  Bemmelen  (72),  one  of 
the  most  important  writers  on  the  subject,  defines  absorption  as  follows: 

In  all  those  cases  in  which  there  occurs  an  absorption  of  gases,  of  fluid  sub- 
stances, or  of  substances  from  solution  (acids,  bases,  salts,  dyes,  etc.)  in  inorganic 
tissues,  as  in  hydrogels  (alcohol  gels,  acetic  acid  gels,  etc.);  in  animal  or  plant 
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tissues;  in  porous  amorphous  substances  (such  as  charcoal,  etc.) ;  and  other  amor- 
phous substances,  such  as  kaolin,  etc. ;  (and  I  would  add  also  all  the  amorphous 
complexes  which  occur  in  colloidal  precipitates,  such  as  those  from  sulphur, 
tellurium,  selenium  and  so  on;  and  also  the  complexes  which  are  formed  when 
colloidal  precipitates  carry  down  with  them  other  substances  in  solution  which 
are  very  hard  to  wash  out) — ;  in  all  of  these  cases,  I  have  called  the  compounds 
' 'absorption  compounds''  in  order  to  distinguish  them  from  chemical  compounds 
which  are  formed  with  simple  equivalent  proportions,  and  which  can  be  obtained 
in  a  crystalline  form. 

It  was  E.  Du  Bois  Reymond  who  proposed  to  call  surface  condensa- 
tions adsorptions,  in  distinction  from  absorptions,  and  that  has 
become  the  general  practice. 

To  make  clearer  what  is  meant  by  adsorption,  I  may  cite  a  typical 
case  which  is  familar  to  all  and  which  is  on  so  large  a  scale  that  the 
details  of  the  process  may  be  seen.  Whenever  we  put  on  clothing, 
we  adsorb  the  clothes.  We  and  our  environment  are  part  of  a 
great  system.  Any  change  of  the  environment  produces  a  change  in 
us,  and  any  change  in  us  produces  some  change  in  the  environment. 
In  this  way  we  and  the  environment  make  what  is  known  as  a  system, 
which  consists  of  two  cpnstitutents  or  phases,  one  of  these  being  our- 
selves. As  it  has  two  phases  or  physically  distinct  parts,  the  system 
is  heterogeneous.  Every  morning  when  we  dress,  clothing  which  has 
been  distributed  through  our  environment,  dispersed  in  the  surroxmding 
phase  in  other  words,  concentrates  at  the  surface  of  our  bodies;  or 
speaking  technically,  it  concentrates  at  the  interphase  boundary  of  the 
system,  so  that  the  concentration  of  clothing  at  that  boundary  be- 
comes greater  than  in  the  room  about  us.  This  is  a  process  of  positive 
adsorption.  And  at  night  the  process  is  reversed,  the  concentration  of 
clothing  in  the  room  becoming  greater  than  at  the  surface  of  the  body, 
the  clothing  passes  out  of  the  interphase,  and  we  have  then  a  case  of 
negative  adsorption.  And  we  might  go  on,  if  we  wished,  with  this 
treating  of  the  wearing  of  clothes  as  a  process  of  adsorption,  express 
it  mathematically  in  a  curve  or  isotherm,  showing  how  the  quantity 
adsorbed  is  a  function  of  the  amount  in  the  room;  how  it  proceeds 
usually  to  an  equilibrium;  how  it  is  greater  at  low  than  at  high  tempera- 
tures; that  it  is  reversible  and  not  accompanied  by  any  chemical  change 
in  the  clothes;  that  it  is  specific  in  that  certain  kinds  of  clothes  are 
adsorbed  with  greater  avidity  than  others ;  that  certain  adsorbents  (people) 
adsorb  better  than  others;  and  finally  we  could  prove  that  the  clothing 
moved  into  the  surface  fiilm  in  virtue  of  the  second  law  of  thermo- 
dynamics, and  because  of  the  thermodynamic  potential  in  consonance 
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with  the  principle  of  Willard  Gibbs.  In  other  words  dressing  is  in 
.  every  respect  a  typical  case  of  adsorption,  and  if  we  wished  to  go  farther 
we  could  actually  prove,  at  least  as  well  and  to  just  the  same  degree 
as  similar  things  are  proved  for  protozoa  and  other  living  things  so 
minute  that  we  cannot  easily  see  just  what  is  happening,  that  the 
wearing  of  clothes  is  a  surface  tension  phenomenon,  and  has  a  purely 
mechanical  explanation.  Human  behavior,  in  the  wearing  of  clothes, 
would  thus  be  explained  to  the  satisfaction  of  the  mechanistic  philos- 
pher,  and  in  the  same  manner  as  the  wearing  of  mineral  clothing, 
called  shells,  by  protozoa  has  been  explained.  But  the  limits  of  this 
article  are  too  short  to  permit  of  this  demonstration,  illuminating 
though  it  would  be,  and  the  case  of  dressing  is  here  brought  forward 
simply  to  illustrate  what  is  the  essential  characteristic  of  adsorption, 
namely,  a  difference  of  concentration  of  some  substance  at  the  boundary 
of  two  phases,  from  its  concentration  in  the  phases. 

Simple  as  the  matter  appears  in  its  broad  aspects,  it  is  probable 
that  no  subject  is  more  difficult  for  the  ordinary  reader  than  that  of 
adsorption;  and  although  this  is  perhaps  a  rash  statement  when  the  con- 
fusion in  so  many  fields  is  recalled,  it  is  certain,  I  believe,  that  in  no 
part  of  the  field  of  physiology  are  conceptions  so  foggy,  so  confused, 
and  often  so  erroneous,  as  in  this  field.  This  confusion  is  due  to 
several  things.  In  the  first  place  it  is  due  in  large  measure  to  the 
mathematical  treatment  which  the  subject  has  usually  received.  Ad- 
sorption has  usually  been  treated  as  if  it  were  part  of  the  very  difficult 
to  understand  phenomena  of  surface  tension.  The  mathematics  of 
surface  tension  as  developed  by  Laplace  have  been  applied  to  it.  Or 
it  is  treated  solely  from  the  point  of  view  of  thermodynamics,  that 
is,  of  energetics,  as  this  has  been  developed  and  applied  to  surface 
tension  by  Willard  Gibbs,  in  one  of  the  most  profound  and  difficult 
papers  of  the  whole  of  physical  chetnistry.  For  example,  Macallum 
(32)  and  Freundlich  (11)  consider  it  wholly  from  the  standpoint  of 
surface  tension  and  thermodynamics.  This  has  confused  most  readers, 
since  mathematics  and  formulas  are  but  a  kind  of  shorthand  which 
is  not  understood  by  most,  and  accordingly  this  treatment,  while  it 
makes  possible  the  statement  of  relations  and  their  explanations  in  a 
few  symbols  to  those  who  understand  the  symbols,  adds  to  the  difficulty 
of  those  who  do  not.  And  in  another  way  this  manner  of  treatment 
has  led  to  great  confusion  of  thought  and  concealment  of  real  relations. 
I  will  now  explain  why  this  has  been  the  case. 

It  will  be  seen  from  the  definition  of  adsorption  which  has  been  given 
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that  it  says  nothing  concerning  the  nature  of  the  forces  which  bring 
about  the  difference  in  concentration  at  the  surface  of  the  phase. . 
Adsorption  is  simply  a  name  descriptive  of  a  result;  the  means  by 
which  the  result  is  obtained  is  a  matter  of  indifference.  It  is  just  as  if  we 
were  treating  of  the  property  of  bodies  of  being  spherical.  We  can  speak 
of  the  sphericity  of  the  earth,  of  a  drop  of  water  or  of  a  toy  balloon. 
Each  of  these  shows  the  property  of  sphericity,  which  is  readily  com- 
prehended. And  we  might  go  on  and  extend  this  to  all  the  bodies 
in  nature  which  are  more  or  less  spherical  and  speak  of  negative  and 
positive  sphericity.  But  when  we  speak  of  sphericity  we  say  nothing 
at  all,  and  imply  nothing  at  all,  of  the  nature  of  the  forces  by  which  that 
spherical  form  is  attained.  Let  us  suppose  now  that  some  one  studied 
the  sphericity  of  a  drop  of  water  and  found  it  due  to  surface  tension. 
He  might  then  treat  the  sphericity  of  the  earth  in  the  same  way  from  the 
point  of  view  of  energetics  and  he  might  even  extend  his  treatment  to 
the  sphericity  of  the  toy  balloon.  He  might  conclude  that  all  three 
were  but  cases  of  smiace  tension.  Sphericity  would  thus  come  to  be 
tied  to  the  idea  of  surface  tension  and  might  be  made  as  difficult  to 
understand  as  the  latter  subject.  He  would  be  in  gross  error  of  course, 
since  the  sphericity  of  the  earth  has  nothing  to  do  with  surface  tension. 
But  this  is  just  what  has  happened  in  the  case  of  adsorption.  Among 
the  earUest  cases  of  adsorption  studied  were  those  which  occur  at  the 
surface  of  a  solution,  and  it  was  this  phenomenon  which  was  worked 
out  mathematically  in  its  general  principles  by  Gibbs.  Consequently 
the  attempt  is  usually  made  to  refer  all  cases  of  concentration  changes 
at  the  boundary  of  two  phases  to  surface  tension.  This  has  led  in 
the  minds  of  many  to  the  wholly  erroneous  conclusion  that  all  cases 
of  adsorption  are  due  to  surface  tension  and  are  not  due  to  chemical 
or  other  forces.  And  this  tendency  has  been  strengthened  or  confirmed 
by  the  present  uncertainty  as  to  the  natiu-e  of  chemical  force  on  the 
one  hand  and  cohesional  force  on  the  other.  Consequently  for  all 
these  reasons  it  has  come  to  pass,  as  will  be  seen  in  the  quotation  from 
van  Bemmelen,  that  the  word  adsorption  has  come  to  have  a  double 
meaning:  a,  the  correct  meaning  simply  descriptive  of  the  change  of 
concentration  at  the  boundary  of  the  phases;  and  6,  an  incorrect  con- 
clusion that  all  such  concentration  changes  are  produced  by  surface 
tension  or  some  other  equally  obscure  physical  force,  and  that  they  are 
not  due  to  chemical  force. 

Another  great  source  of  confusion  of  thought  has  been  the  thermo- 
dynamic treatment  the  subject  has  received.    In  this  method  of  treat- 
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ment  we  disregard  entirely  all  the  material  aspects  of  the  nature  of 
the  process  which  brings  about  the  result,  and*  we  deal  whoUy  with 
the  changes  in  free  energy.  It  is  a  matter  of  indifference  to  this 
method  of  treatment  whether  the  energy  is  of  one  kind  or  another.  A 
start  is  made  with  the  very  general  principle  embodied  in  the  second 
law  of  thermodynamics,  that  all  spontaneous  events  in  nature  occur 
in  the  direction  of  reducing  the  intensity  factor  of  the  free  energy. 
This  is  simply  another  way  of  sajdng  in  general  and  precise  language 
that  water  tends  to  run  down  hill  rather  than  up;  that  electricity  flows 
from  a  higher  pressure  to  a  lower;  that  salts  diffuse  from  the  point 
where  they  are  more  concentrated  to  the  point  where  they  are  less; 
that  a  gas  under  pressure  will,  if  allowed  to  do  so,  flow  into  a  container 
in  which  it  is  at  a  lower  pressure;  that  heat  flows  from  hot  bodies  to 
cooler.  This  general  principle  holds  everywhere.  It  has  a  particular 
value,  it  may  be  said  parenthetically,  for  biology,  for  it  is  in  virtue  of 
it  that  events  in  nature  tend  to  be  self  limited;  that  organisms  tend 
to  surround  themselves  with  membranes  which  protect  them  from 
environmental  changes,  a  result  which  is  at  the  very  foundation  of  the 
creation  of  an  individual;  that  they  appear  to  struggle  against  the 
environment  so  as  to  preserve  their  balance;  that  the  need  produces 
that  which  satisfies  the  need,  as  Bering  put  it.  In  fact,  it  is  this 
general  principle  which  in  living  nature  finds  its  expression  in  that 
great,  and  finally  successful,  struggle  against  the  environment  which 
we  call  evolution  and  made  of  it  in  its  physical  aspects  one  great 
struggle  for  freedom  from  the  environment;  and  in  its  psychical  aspects 
reveals  itself  in  the  phenomena  of  the  wiU,  the  aspirations  of  the  human 
mind  and  the  longing  for  final  freedom  and  inunortaUty. 

Now  as  has  been  said  it  is  a  matter  of  indifference  to  this  general 
principle  of  energetics  what  may  be  the  particular  form  of  energy  con- 
cerned. If  a  substance  concentrates  at  the  interphase  boundary  it 
may  always,  in  all  cases,  even  for  example  in  the  wearing  of  clothes, 
be  shown  that  this  takes  place  in  virtue  of  this  general  principle.  But 
it  will  make  no  difference  to  the  applicabiUty  of  the  principle  whether 
the  actual  form  of  that  energy  is  kinetic  or  potential;  whether  it  is 
chemical,  surface  tension  energy,  cohesional,  gravitational,  electrical, 
magnetic  or  human,  as  in  the  wearing  of  clothes.  And  nothing  what- 
ever can  be  assumed  as  to  the  nature  of  the  processes  because  the  energy 
relations  are  satisfied. 

It  is  the  failure  to  recognize  this  fundamental  fact  which  has  led, 
in  my  opinion,  to  much  of  the  confusion  on  this  subject.    Several 
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authors  have  clearly  pointed  this  out,  among  them  Bayliss  (3),  in 
his  Principles  of  General  Physiology y  but  they  sometimes  continue,  as 
he  does,  to  use  the  language  and  conclusions  of  those  who  have  not 
perceived  this  essential  fact,  and  they  accordingly  mislead  their 
readers.  We  cannot  for  a  moment  agree,  for  example,  with  Bayliss 
when  he  says  (p.  55):  "Given  the  diminution  of  surface  energy,  the 
adsorption  process  is  thermodynamically  bound  to  take  place,  and  any 
other  explanation  of  the  phenomenon  is  superfluous."  It  is  evident 
that  much  may  be  written  in  explanation  of  how  clothes  came  to 
be  worn  besides  the  statement  that  this  is  caused  by  the  thermody- 
namic potential.  This  tells  us  really  nothing  at  all  of  just  what  we  wish 
to  know  and  must  know  if  we  are  to  comprehend  the  process.  It 
aids  very  Uttle  to  say  that  a  substance  collects  at  the  surface  of  a 
colloid  particle  because  that  is  thermodynamically  bound  to  happen. 
Some  other  explanation  is  far  from  being  superfluous;  for  this  teUs 
us  nothing  at  all  of  the  mechanism  of  the  process. 

The  uncertainty  in  the  implications  of  the  word  "adsorption*'  is 
apparent  if  the  treatment  of  the  subject  by  Bancroft  (2)  in  his  re- 
cently published,  valuable  and  stimulating  book  on  Applied  CoUoid 
Chemistry  is  contrasted  with  that  of  Taylor  (66),  for  example.  Ban- 
croft considers  a  vast  variety  of  phenomena  under  this  head,  such  as 
dyeing,  tanning,  gelation,  painting,  the  floatation  of  ores,  etc.  He 
treats  the  process  objectively  and  does  not  attempt  to  explain  it 
except  by  the  application  of  general  principles  of  thermodynamics. 
He  is  indifferent  whether  the  forces  which  produce  the  result  are 
chemical,  physical,  electrical  or  whUt  not.  Nevertheless  he  treats 
these  processes  as  if  they  were  of  one  kind  and  in  some  way  different 
from  other  chemical  compounds,  and  he  thus  confuses  the  reader,  who 
does  not  see  clearly  that  a  great  variety  of  results  produced  in  quite 
different  ways,  is  included.  On  the  other  hand  Taylor  (66),  after 
defining  adsorption  as  it  has  been  defined  at  the  outset  of  this  paper, 
proceeds  to  distinguish  between  true  and  pseudo-adsorptions.  Those 
which  are  clearly  due  to  chemical  force  he  would  throw  out  and  call 
pseudo-adsorptions,  confining  the  word  only  to  physical  unions  pro- 
duced in  some  obscure  way  by  siuiace  tension,  as  in  the  condensation 
of  gases  on  solids.  Most  dyeing  is  therefore  excluded  by  him.  His 
treatment  is  not  consistent  with  his  definition.  Bechold  (4)  also  falls 
into  a  similar  error.  He  says:  "Adsorption  is  a  phenomenon  which  is 
determined  by  the  diminution  of  surface  tension  of  the  solvent  by 
the  dissolved  substance,  at  the  boundary  surface  between  solvent  and 
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adsorbent."  "From  all  which  we  have  adduced,  adsorption  appears 
as  a  physical  phenomenon,  in  which  no  chemical  relations  between  ad- 
sorbing and  adsorbed  substance  play  any  part.  We  will  therefore 
designate  this  purely  physical  phenomenon  with  Wo.  Ostwald  as 
mechanical  adsorption."  He  uses  the  term  adsorption  throughout  as 
implying  a  physical  rather  than  a  chemical  xmion.  A  striking  instance 
of  this  confusion  of  the  phenomenon  with  its  cause  is  given  by  Wo. 
Ostwald  (52)  in  his  attempt  to  prove  that  the  union  between  oxygen 
and  hemoglobin,  i.e.,  the  taking  up  of  oxygen  by  the  blood,  is  a  case 
of  adsorption  in  distinction  from  a  chemical  union.  He  bases  this 
purely  on  the  fact  that  the  variation  of  the  amount  of  oxygen  adsorbed 
with  a  variation,  of  pressiu'e,  at  any  given  temperature,  follows  what 
is  known  as  the  adsorption  isotherm,  that  is,  it  follows  the  course 
taken  by  other  easily  dissociable  unions  which  are  in  equilibrium.  He 
is  confused  into  thinking  that  all  adsorptions  are  of  the  same  kind  and 
that  they  are  physical  rather  than  chemical.  As  a  matter  of  fact  the 
taking  up  of  oxygen  by  hemoglobin  is  actually  an  adsorption,  since  the 
size  of  the  hemoglobin  particles  is  so  large,  they  being  colloidal,  that  the 
solution  is  diphasic;  but  the  forces  holding  the  oxygen  to  the  hemo- 
globin are  not  physical,  they  are  chemical,  as  has  been  clearly  proven 
by  the  crystal  form,  spectrum,  stoichiometrical  relationship  and  so  on. 
Another  striking  instance  in  which  the  word  is  used  as  if  it  impUed 
something  as  to  the  nature  of  the  forces  involved  is  given  by  Traube 
(69).  For  him  nearly  everything  is  an  adsorption.  All  the  action  of 
drugs  is  due  to  adsorption;  sodium  adsorbs  chlorine  to  make  sodium 
chloride.  By  adsorption  he  means  a  purely  physical  process  in  dis- 
tinction from  chemical.  But  as  he  perceives  at  once  that  this  is  getting 
him  into  difficulties,  he  goes  on  to  hedge  with  the  remark  that  there  is 
no  difference  between  physical  and  chemical  xmions,  thus  giving  away 
his  whole  argument.  He  attacks  vigorously  those  who  think  that 
chemical  constitution  and  chemical  properties  play  any  part  in  the 
pharmacological  action  of  drugs.  Pharmacology,  he  thinks,  must  be 
entirely  rewritten  from  the  adsorption  point  of  view.  The  neutraliza- 
tion of  a  toxin  by  an  antitoxin  is  an  adsorption,  not  a  chemical  imion. 
He  himself  has  attacked  the  anesthetics,  alkaloids,  etc.,  from  this 
point  of  view,  and  armed  with  his  stalagmometer,  Uke  Diogenes  with 
his  lantern,  he  goes  about  hunting  in  vain  for  a  drug  which  acts  in  any 
honest,  chemical  way.  Whatever  may  be  the  outcome  of  our  studies  of 
the  nature  of  drug  action,  I  think  this  may  be  cited  as  simply  an  obvious 
case  where  enthusiasm  and  the  false  idea  that  all  adsorptions  are  due 
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to  physical,  in  distinction  to  chemical  forces,  and  in  fact  to  surface 
tension,  has  confused  the  thought  and  betrayed  an  able  and  talented 
investigator  into  an  entirely  untenable  and  false  position. 

Finally  a  great  part  of  the  confusion  is  due  I  believe  to  Freundlich's 
book  on  Capillary  Chemistry  (11).  Able,  interesting,  stimulating  as 
that  book  is,  it  has  produced  general  confusion  for  the  reason  that  it 
has  treated  all  the  phenomena  of  adsorption  under  one  aspect,  namely 
that  of  thermodynamics  as  applied  to  surface  tension.  Surface  ten- 
sion is  but  one  of  the  indirect  results  of  the  force  of  cohesion.  K 
surface  tension  is  extended  to  cover  the  energy  potential  at  all  surfaces, 
solid,  and  gaseous  as  well  as  liquid,  it  is  better  to  call  it  the  free  energy 
of  cohesion.  It  is  confusing  to  give  to  the  general  phenomenon  the 
specific  name  of  the  resulting  effects  at  the  surface  of  liquids.  If,  for 
example,  one  reads  that  the  condensation  of  a  gas  on  the  surface  of 
a  solid  is  brought  about  by  surface  tension,  one  is  puzzled  and  confused, 
for  he  cannot  apply  to  a  solid  the  changes  of  the  mobile  surface  of  a 
liquid.  And  as  a  matter  of  fact  the' condensation  is  not  due  to  siuface 
tension  at  aU.  But  it  is  due  to  cohesion.  So  why  not  say  so?  To 
say  that  gas  molecules  adhere  to  the  surface  of  solids,  when  they  strike 
them,  because  of  the  force  of  cohesion,  brings  the  phenomenon  at  once 
into  the  experience  of  everyone  and  enables  him  to  form  a  clear  idea  of 
it.  Cohesion  is  one  of  the  forces  of  attraction  of  nature;  surface  ten- 
sion is  not. 

So  much  by  way  of  introduction.  Adsorption  is  a  name  descrip- 
tive of  a  physical  (or  chemical)  phenomenon.  It  says  and  implies 
nothing  as  to  the  cause  or  causes  which  produce  the  phenomenon  de- 
scribed by  it.  Those  causes  may  be  chemical,  cohesional,  electrical, 
magnetic,  gravitational  or  other  forces,  and  each  case  must  be  investi- 
gated by  itself  to  discover  just  what  force  is  concerned.  And  finally 
it  has  not  as  yet  become  the  general  fashion  to  apply  the  term  adsorp- 
tion to  unions  in  which  both  of  the  constituents  are  smaller  than  1  X  10~^ 
cm.  in  diameter.  One  of  them  must  be  at  least  this  large  so  that  it 
may  be  called  colloidal.  A  considerable  portion  of  the  field  of  chemistry 
has  accordingly  until  now  escaped  annexation  by  the  province  of 
adsorption. 

The  great  importance  of  adsorption  in  biology  arises  from  the  fact 
that  there  is  an  enormous  amount  of  surface  bounding  the  different 
phases  in  living  matter.  There  is  not  only  the  external  surface  in 
which  shells  are  deposited,  or  membranes  formed,  carbohydrate, 
mineral,  protein  or  fatty  matter  accumulated   (70);  but    there    are 
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also  within  the  protoplasm  itself  vast  surfaces  of  the  colloidal  particles, 
granules,  membranes,  such  as  those  of  the  nucleus,  nucleolus,  chromo- 
somes, chondriosomes,  mitochondria,  filaments,  cilia,  fibrils,  and  so 
on,  at  the  sxuf  ace  of  all  of  which,  substances  may  concentrate  or  which 
they  may  avoid  (32).  We  must  therefore  study  the  properties  of 
surfaces  if  we  are  to  understand  these  phenomena  of  the  cell.  There- 
from arises  the  interest  of  physiologists  in  this  subject.  It  is  the 
organization  of  the  ceU,  that  fundamental  thing;  its  chemical  and 
physical  differentiation,  which  we  are  seeking  to  understand.  Living 
matter  is  largely  composed  of  colloidal  substances,  and  colloidal  chemis- 
try, as  Bechold  (4)  has  put  it,  is  saiUng  under  the  flag,  I  might  almost 
say  the  black  flag,  of  adsorption.  It  is  in  fact  a  piratical  ship  with  a 
piratical  crew  seeking  to  make  all  our  old  ideas  walk  the  plank. 

Let  us  therefore  examine  the  phenomena  of  adsorption  in  the  in- 
organic world  and  try  to  get  thereby  a  clear  idea  of  the  forces  with 
which  we  Lave  to  deal  in  living  matter. 

The  adsorption  of  gases  and  vapors  by  solids.  All  solids  have 
the  property,  although  to  very  different  degrees,  of  condensing  on 
their  surfaces  gases,  vapors  and  liquids.  What  is  the  nature  of  this 
process?  Is  the  gas  held  at  the  surface  by  chemical  forces  or  by  co- 
hesional;  or  is  there  no  difference  between  cohesional  and  chemical 
forces  as  some  maintain? 

The  phenomena.  It  was  long  ago  observed  by  Scheele  and  Fontana 
independently  that  a  good  grade  of  animal  or  plant  charcoal  (charcoal 
made  by  heating  cocoanut  shells  is  particularly  good)  had  the  prop- 
erty after  it  had  been  freed  of  gases  by  heating  in  vacuo  and  then 
cooled  while  in  the  vacuum,  of  taking  up  a  quantity  of  any  gas  to  which 
it  was  subsequently  exposed.  This  is  the  original  process  to  which  the 
term  adsorption  was  applied.  The  gas  thus  adsorbed  or  bound  to  the 
charcoal  could  be  obtained  unchanged  by  the  use  of  the  air  pump  and 
by  heating  the  charcoal.  The  process  in  other  words  was  reversible. 
If  a  given  weight  of  charcoal  was  taken  it  was  found  that  the  amount 
of  gas  adsorbed  was  variable  with  the  gas  and  was  less  at  any  tempera- 
ture as  the  critical  temperature  of  the  gas  was  lower.  Thus  at  any 
temperature  heUum  was  least  adsorbed  and  then  followed  hydrogen, 
argon,  nitrogen,  oxygen,  carbon  monoxide,  methane,  carbon  dioxide, 
ethane,  chlorine  and  sulphur  dioxide  (22)  in  the  order  named,  sulphur 
dioxide  being  condensed  at  the  highest  temperature  and  being  the 
easiest  to  adsorb.  The  adsorption,  in  other  words,  is  specific  and  varies 
from  gas  to  gas.    Not  all  the  gas  is  adsorbed  at  even  low  pressures. 
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The  process  goes  only  to  equilibrium.  The  adsorption  is  greater  at 
low  than  at  high  temperatures;  it  is  exothermic  and  it  is  reversible. 
Various  samples  of  charcoal  vary  in  adsorptive  power,  and  the  greater 
the  surface  the  greater  is  the  amount  of  gas  taken  up.  But  a  sample 
which  adsorbs  one  gas  well,  adsorbs  also  all  the  others  well.  Finally 
the  nature  of  the  adsorbent  plays  a  part.  Charcoal  is  perhaps  the  best 
adsorbent  of  gases,  but  silica  gel  is  also  very  good.  It  must  not,  how- 
ever, be  heated  too  high  or  it  loses  its  power. 

If  a  given  weight  of  charcoal  is  exposed  successively  to  varjring 
quantities  of  gas,  i.e.,  varying  pressures  of  gas  from  very  low  to  about 
an  atmosphere,  the  temperature  being  kept  constant,  it  will  be  foimd 
that  at  very  small  pressures  a  considerable  proportion  of  the  gas  has 
been  adsorbed  when  equilibrimn  is  attained.  As  the  pressure  in- 
creases a  less  proportion  of  the  gas,  but  more  absolutely  is  taken  up, 
and  as  the  pressure  rises  while  more  is  taken  up  the  proportional  amount 
is  less  and  less.  If  we  plot  these  results  with  the  pressures  as  abscissas 
and  the  amount  adsorbed  per  gram  as  ordinate  a  curve  rising  at  first 
very  fast  is  obtained,  but  it  gradually  bends  over.  There  are  no  sharp 
points  of  inflection,  or  discontinuities.  This  curve  is  known  as  the 
"isotherm,"  that  is  the  equal  temperature  curve.  This  isotherm  may 
be  expressed  for  a  considerable  portion  of  its  course  by  the  formula 

where  xlm  is  the  amount  of  gas  adsorbed  per  gram  of  adsorbent,  m 
being  the  weight  in  grams  of  the  charcoal;  fc,  is  a  constant;  c,  is  the 
pressure  of  the  gas  when  equilibrium  is  obtained;  and  n,  is  a  number 
lying  usually  between  2  and  5. 

This  isotherm  is  supposed  by  some  to  be  characteristic  of  a  physical 
as  contrasted  with  a  chemical  process,  but  as  Arrhenius  (1)  has  pointed 
out,  it  has  in  reaUty  no  such  significance.  It  is  simply  the  equilibriimi 
curve  of  an  easily  dissociated  compound  and  it  says  nothing  at  all 
concerning  the  nature  of  the  forces  holding  together  the  different  dis- 
sociating constitutents  of  that  compound,  such  as  the  adsorbent  and 
the  gas.  These  forces  may  be  either  chemical  or  physical.  The 
fact,  therefore,  that  a  compound  dissociates  so  as  to  follow  this  curve, 
does  not  mean,  as  some  have  supposed,  that  the  compound  is  held 
together  by  forces  of  cohesion  rather  than  by  chemical  forces.  It  is 
because  this  erroneous  meaning  has  been  attributed  to  the  isotherm 
that  so  many  authors  speak  of  adsorptive  compounds  as  necessarily 
physical  rather  than  chemical.    The  union  between  oxygen  and  hem- 
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o^obin  and  between  carbon  monoxide  and  hemoglobin  for  example 
is  a  true  chemical  union  showing  proper  stoichiometric  relationships, 
yet  it  follows  this  isotherm  exactly.  And  the  process  of  adsorption 
of  gases  by  solids  is  generally  physical,  yet  it  also  follows  this  isotherm. 
The  isotherm,  therefore,  does  not  permit  any  conclusion  as  to  the  nature 
of  the  forces.  It  shows  only  that  we  are  dealing  with  an  easily  dissociable 
compound  in  a  mobile  equilibrium  so  that  it  is  reversible  and  which 
may  be  either  chemical  or  physical. 

This  formula  for  the  isotherm  it  has  now  been  found  (1)  does  not 
actually  express  the  real  facts  except  for  a  limited  part  of  the  course. 
Alwajns  the  adsorption  approaches  a  maximum  value.  The  substance 
becomes  saturated.  *In  the  case  of  hemoglobin  this  is  when  all  the 
hemoglobin  has  been  converted  to  oxyhemoglobin,  and  in  the  case  of 
a  solid  saturated  with  a  gas  it  is  when  the  surface  of  the  solid  is  so  com- 
pletely covered  by  the  gas  that  the  influence  of  the  solid  no  longer  is 
felt  in  the  outer  layers  of  condensed  gas.  Arrhenius  (1)  has  shown  how  the 
results  of  Miss  Homfray  (22),  whose  work  on  this  subject  is  particularly 
worthy  of  commendation,  can  be  more  fully  expressed  by  the  formula: 

logio  — ^ 0.4343  -  =  Vc 

Xy  being  the  amount  adsorbed  per  gram;  s.  the  maximum  value  of  a;; 
c,  the  pressure;  and  k  a  constant. 

The  nature  of  the  forces  involved.  In  the  adsorption  of  gases  by 
charcoal  are  the  forces  holding  the  gas  on  the  surface  surface  tension 
forces,  or  chemical  afiSnity,  or  cohesion?  Or  are  we  dealing  with  a 
solution  of  the  gas  in  the  soUd?  All  of  these  views  have  had  their 
advocates.  Miss  Homfray  (22),  for  example,  has  shown  how  her 
results  could  be  treated  mathematically  by  applying  to  them  van't 
Hofif 's  treatment  of  dilute  solutions.  She  considers  the  gas  as  dissolved 
in  a  solid  solution  and  the  soUd  as  if  it  acted  as  a  strongly  supercooled 
liquid.  However  it  is  certain  that  while  the  matter  may  be  treated 
mathematically  with  some  success  in  this  way,  in  reality  the  process 
itself  is  nothing  of  the  kind.  It  is  certain  that  gases  penetrate  such 
soUds  as  carbon  or  the  metals  or  glass  with  extreme  slowness.  Other- 
wise gases  could  not  be  contained  in  glass  or  metal  containers.  But  the 
equilibrium  of  the  gas  with  the  condensed  gas  is  obtained  in  a  very 
few  minutes,  indeed  much  of  the  adsorption  takes  only  a  few  seconds,  so 
that  the  process  canot  be  primarily  one  of  solution  of  the  gas  in  the 
solid. 
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The  various  attractive  forces  of  nature  thus  far  recognized  are  gravita- 
tion, cohesion  including  adhesion,  chemical  attraction,  electrostatic, 
electromagnetic  and  magnetic  attraction.  If  we  consider  which  of 
these  forces  is  active  in  the  adsorption  of  gases  we  conclude  as  follows: 
Gravitation  may  be  at  once  discarded  for  it  is  so  weak  a  force  that  it 
could  not  possibly  explain  the  phenomena.  Electrostatic  and  electro- 
magnetic and  magnetic  attractions  may  also  be  discarded.  Neither 
the  neutral  molecules  of  the  gas  nor  the  solid  bears  any  appreciable 
electrical  charge,  nor  is  there  any  relation  between  magnetism  and  con- 
densing power.  The  attraction  between  gas  and  adsorbent  must  be, 
therefore  either  chemical  attraction,  as  has  been  suggested  by  many 
and  recently  by  Langmuir  (26),  (27),  or  it  must  be  cohesional  attrac- 
tion (1),  (67).  That  it  is  not  chemical  in  the  particular  cases  we  are 
considering  is  shown  by  the  fact  that  gases  with  no  chemical  afi&nity 
such  as  argon,  are  condensed  just  as  strikingly  as  any  other  gases. 
Nitrogen,  argon,  oxygen,  carbon  monoxide  and  methane  are  similar  in 
their  adsorbability  at  —78°.  These  gases  are  so  widely  different  in 
their  chemical  properties  as  to  show  that  there  is  no  relation  or  at  any 
rate  no  primary  relation  between  chemical  properties  and  adsorbability. 
There  is  left,  therefore,  only  cohesion  or  adhesion.  The  force  which 
is  active  in  this  case  of  adsorption,  namely  the  adsorption  of  these 
gases  by  charcoal,  and  also  of  most  liquids  by  solids,  must  be,  by  exclu- 
sion, the  force  of  cohesion.  This  fact  was  first  pointed  out,  so  far  as 
I  can  find,  by  Titofif  (67),  and  it  was  particularly  investigated  and 
dwelt  upon  by  Arrhenius  (1)  in  a  very  interesting  article  entitled 
"The  fundamental  laws  of  adsorption."  Titoff  pointed  out  that  there 
was  a  close  relation  between  the  value  of  the  constant  a  of  van  der 
Waals'  equation  and  the  adsorbability  of  gases.  Now  a  of  van  der 
Waals'  equation  is  nothing  else,  as  the  author  showed  (34),  (38),  than 
the  quantity  of  cohesion,  or  the  mass  factor  of  the  cohesion,  so  that 
practically  Titoff  *s  suggestion  was  that  gases  were  adsorbed  propor- 
tional to  the  amoimt  of  cohesion  in  their  molecules.  He  showed  that 
those  gases  which  were  most  easily  condensed,  and  so  had  the  most 
cohesion,  were  most  easily  adsorbed.  Adsorption  became,  therefore, 
practically  a  process  of  liquefaction  of  the  gases. 

The  author's  studies  of  cohesion  (34),  (37),  (38)  permit  now  a  much 
more  accurate  consideration  of  the  whole  process.  Consider  the 
state  of  affairs  at  the  surface  of  a  solid  or  liquid.  In  the  first  place, 
how  does  a  solid  differ  from  a  liquid?  What  happens  at  the  melting 
point?    We  may  provisionally  adopt  the  following  explanation  of  the 
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solid  state.  Solids  are  solids  for  two  reasons:  a,  because  their  mole- 
cules have  a  larger  amount  of  cohesion  in  them  than  the  molecules  of 
bodies  which  are  liquids  at  the  same  temperature;  and  b,  because  their 
molecules  depart  from  the  spherical  form.  That  is,  of  two  substances 
with  the  same  quantity  of  cohesion  in  their  molecules  it  is  probable 
that  that  one  of  which  the  molecules  depart  most  widely  from  the 
spherical  form  will  melt  at  the  higher  temperature.  The  importance  of 
molecular  form  in  determining  solidity  is  shown  by  the  different  melting 
points  of  stereoisomers.  The  reason  why  form  is  of  importance  is 
probably  that  the  melting  point  is  that  temperature  at  which  the 
molecules  are  driven  so  far  apart  by  their  kinetic  motions  that  they 
can  revolve  freely,  the  molecules  of  liquids  being  in  rotation  (23). 
The  mean  distance  between  the  molecular  centers  must  at  the  melting 
point  become  equal  to,  or  slightly  greater  than  the  longest  diameter  of 
the  molecule.  I  may  make  the  importance  of  form  clearer  by  con- 
sidering oleic  acid  and  stearic  acid.  The  former  is  a  liquid  at  room 
temperature;  the  latter  a  solid.  These  two  substances  have  the  same 
quantity  of  cohesion,  within  very  naiTOW  limits.  Oleic  acid  has  a 
little  less  cohesion,  but  very  little.  The  form  of  the  molecule  is  different 
and  there  are  reasons  for  thinking  that  the  molecule  of  stearic  acid  is 
relatively  stiff  and  rigid,  whereas  the  double  bond  in  the  oleic  acid  is 
a  point  of  weakness  and  permits  the  molecule  to  double  over  (21),  (26), 
acting  like  a  hinge,  so  that  the  length  of  the  molecule  is  not  more  than 
half  that  of  stearic  acid.  Its  longest  diameter  is  only  half  that  of  the 
latter  and  consequently  the  molecules  get  sufficiently  far  apart  to 
revolve  at  a  lower  temperature  than  in  the  case  of  stearic  acid.  But, 
although  the  form  of  the  molecule  is  of  importance,  the  principle 
difference  between  soUds  and  Uquids  at  the  same  temperature  is  that 
solids  have  the  more  intense  cohesion.  It  is  this  very  fact  of  high 
cohesion  in  solids  which  enables  them  to  condense  these  gases  on  their 
surfaces. 

Let  us  consider  now  the  condition  of  the  surface  of  a  solid  or  liquid. 
The  situation  may  be  pictured  as  follows:  (unpubUshed  observations). 
The  amount  of  cohesion  in  a  molecule  may  be  represented  by  a  cer- 
tain number  of  lines  of  cohesional  force  which  radiate  in  all  directions 
from  the  center.  The  molecule  may  be  pictured  as  cubical.  The 
same  number  of  lines  of  force  leave  each  face  of  the  cube.  These 
lines  of  force  go  only  as  far  as  the  next  layer  of  molecules  (9),  (48), 
(38).  They  must  be  neutralized  or  saturated  there,  just  as  the  elec- 
trical* lines  of  force  are  saturated  by  the  surface  upon  which  they  abut. 
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Each  species  of  molecule  has  a  definite  power  of  neutralizing  the  co- 
hesional  lines  of  force,  and  it  can  neutralize  just  as  many  lines  as  it 
sends  out  and  no  more.  Now  at  the  surface  of  a  solid  or  Uquid,  the 
outwardly  directed  lines  of  force  of  the  surface  molecules  have  in  a 
vacuum  nothing  nearby  to  saturate  them,  as  there  are  no  molecules 
lying  close  beyond  them  and  they  must  abut  on  something.  Conse- 
quently they  bend  over  and  abut  on  the  exterior  surface  of  the  mole- 
cules lying  next  to  them  in  the  surface,  as  is  shown  in  figure  1.  These 
lines  of  cohesional  force  are  assumed  to  repel  each  other  and  to  con- 


•  Fig.  1.  Diagram  showing  molecules  of  a  liquid  united  by  lines  of  cohesional 
force.  The  peripheral  or  surface  layer  has  lines  of  force  causing  surface  tension 
drawn  in  in  solid  lines.  Each  molecule  has  from  each  face  four  lines  of  cohe- 
sional force. 

tract  just  as  those  of  electricity,  to  which  indeed  they  are  related,  so 
that  they  tend  to  shorten.  The  result  of  this  is  that  the  peripheral 
layers  of  molecules  are  attracted  in  the  plane  of  the  surface  not  only 
by  the  ordinary  cohesion,  but  by  the  additional  force  of  the  cohesion 
which  ordinarily  is  directed  outward.  This  additional  tension  in  the 
plane  of  the  surface  is  what  is  known  as  the  surface  tension.  It  puts 
the  surface  of  a  soUd  under  strain,  and  in  Uquids  will  draw  the  liquid 
into  the  form  of  a  spherical  drop  if  the  mass  of  Uquid  is  sufficiently 
small.  Now  let  us  suppose  that  a  molecule  of  a  gas  approaches  the 
surface  of  a  soUd  thus  constituted.  The  approaching  gas  molecule  is 
also  surrounded  by  its  lines  of  cohesional  force  which  tie  it  to  the  other 
gas  molecules.    The  density  of  these  Unes  of  force  is  of  course  not 
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great.  But  when  the  molecule  is  driven  by  its  kinetic  energy  close  to 
the  solid  surface  it  enters  the  field  of  force  of  these  surface  molecules, 
and  they  in  turn  enter  its  field  of  force.  This  field  varies  in  its  inten- 
sity in  various  solids,  as  we  shall  see  in  a  moment,  but  in  the  case  of 
carbon  or  charcoal  it  is  very  intense  so  that  imless  the  gas  molecule  is 
approaching  with  great  speed  so  that  its  elastic  reboimd  will  serve  to 
carry  it  again  out  of  the  field,  it  will  stick  on  the  surface  and  be  trapped 
there,  just  as  the  weaker  flies  stick  to  sticky  fly  paper.  Each  of  these 
molecules  so  trapped  saturate  as  large  a  nimiber  of  lines  of  force  as  they 
carry  themselves.  The  attraction  between  gas  and  solid  is  propor- 
tional to  the  product  of  the  number  of  lines  of  force  each  carries.  But 
a  gas  like  hydrogen  carries  very  few  such  lines.  Its  cohesion  is  very 
small.  It  can  saturate  only  a  few  of  the  lines  of  the  carbon  and  as  a 
result  a  considerable  quantity  of  molecules  of  hydrogen  will  be  re- 
quired to  saturate  the  cohesion  of  the  solid.  This  means  that  a  great 
deal  of  hydrogen  can  be  condensed.  It  is  clear  also  that  as  the  outward 
directed  lines  of  force  of  the  peripheral  layer  of  molecules  of  the  solid 
are  gradually  released  from  abutting  on  the  neighboring  molecules  so 
that  they  abut  on  the  overlying  gas,  the  surface  strain  of  the  surface 
layer,  in  other  words  its  surface  tension,  will  be  reduced.  So  that 
what  is  called  surface  tension  in  a  liquid  or  solid  is  reduced  by  the 
adhesion  of  the  molecules  of  the  gas  or  vapor.  It  is  for  this  reason 
that  the  principle  of  Gibbs  can  be  so  easily  applied  to  this  process. 
Actually  the  surface  tension  of  the  soUd  is  reduced  by  the  condensation 
of  the  gas  as  FreundUch  and  others  maintain.  This,  however,  it  will 
be  observed,  is  a  result,  not  the  cause,  of  the  condensation.  The  mole- 
cules are  held  on  the  surface  not  because  they  reduce  the  surface  ten- 
sion, as  is  generally  stated,  but  because  they  are  attracted  by  their 
cohesional  attractions  to  the  surface.  They  are  held  there  by  the  force 
of  cohesion,  not  by  that  of  surface  tension.  The  reduction  of  the 
surface  tension  is  an  incidental  result  of  their  cohering  to  the  surface. 
(For  further  development,  see  page  573.) 

As  all  molecules  have  the  same  amount  of  kinetic  energy  at  the  same 
temperature,  the  nimiber  of  molecules  which  can  be  held  by  the  surface 
against  the  force  of  their  rebound  when  they  strike  the  surface,  will 
be  directly  proportional  at  any  given  temperature  in  the  first  place  to 
the  amount  of  cohesion  in  the  gas  or  vapor  molecule;  and  in  the  second 
place  to  the  amount  of  cohesion  in  the  molecules  of  the  soUd.  It 
may  also  be  dependent  upon  other  factors  to  some  extent,  such  for 
example  as  the  size  of  the  molecule,  which  may  determine  how  close  the 
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molecules  may  approach,  and  also  very  likely  on  a  factor  corresponding 
to  the  influence  of  the  medium  in  an  electrical  attraction,  a  factor 
which  we  may  call  cohesional  permeability.  But  the  main  factor  in 
determining  how  many  molecules  will  be  held  at  any  temperature  by 
any  given  solid  will  be  the  amount  of  cohesion  in  the  molecules  of  the 
gas. 

The  exact  manner  in  which  the  amount  of  cohesion  determines  the 
amoimt  of  adsorption  is  set  forth  in  table  1.    In  this  there  is  put  down 

TABLE    1 
Relation  between  adaarbabUity  ofgaeee  and  their  cohesion* 


Helium 

Hydrogen 

Argon 

Nitrogen 

Oxygen 

Carbon  monoxide 

Methane 

Carbon  dioxide... 

Nitrous  oxide 

Acetylene 

Ethylene 

Ethane 

Chlorine 

Sulphur  dioxide.. 


QUAKnTTOr 
COHESION 

X  ia-««  (FOB 

OBAll  MOL  AND 

AB80LUTB 

units)  "a" 


0.025 

0.3 

1.7 

1.7 

1.8 

1.85 

2.92 

4.37 

4.9 

5.16 

5.93 

6.71 

7.66 

7.75 


ADSORPTION,  CUBIC  CBNTIMBTBB 
PBB  VOLUME  STNTHBTIC  CHAB- 
COAL  (COBBBCTBD  PBOBABLT 
TO  SBBO  DBGBEB8  AND  760  MM.) 


30* 


7.3 

12.6 

21.0 

25.4 

26.8 

41.7 

83.8 

109.4 

135.8 

139.2 

119.1 

304.5 

337.8 


-78* 


19.5 
92.6 
107.4 
122.4 
139.4 
174.3 
568.4 
330.1 
488.5 
360.7 
275.5 


-185» 


15.0 
284.7 

632.2 

697.0 


*  Figures  for  adsorption  taken  from  Bancroft,  Applied  Colloid  Chemietry, 
p.  5.  The  figures  for  a  of  Helium  and  Argon  are  less  accurately  known  than  the 
others. 

under  "a"  the  amount  of  cohesion  in  cohesional  units  (C.G.S.  units) 
possessed  by  a  gram  mol  of  the  gas  in  question  as  determined  by  the 
author  (34);  and  along  side  the  amount  of  gas  adsorbed  at  the  same 
temperature.  An  inspection  of  this  table  shows  that  not  only  do  the 
gases  follow  the  same  order,  but  also  there  is  an  approximate  pro- 
portionaUty  between  the  two  values.  Helium,  containing  extremely 
little  cohesion,  is  adsorbed  least;  argon  now  takes  its  proper  position, 
being  adsorbed  as  expected  from  its  cohesion ;  hydrogen,  nitrogen,  oxygen 
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and  the  others  follow  just  in  the  order  they  should.  Possibly  chlorine 
and  sulphur  dioxide  are  adsorbed  a  little  more  than  expected,  but  the 
adsorption  is  measured  below  the  critical  temperature  of  these  two 
gases,  and  possibly  some  reserve  chemical  aflSnity  may  reenforce  the 
cohesion  in  their  case.  This  will  have  to  be  determined  later.  In 
fact  it  can  be  predicted  with  a  certain  degree  of  accuracy  how  much 
gas  will  be  adsorbed. 

Indeed  this  method  now  opens  a  way  for  the  direct  determination  of 
a  of  van  der  Waals'  equation  from  the  adsorbabiUty  of  the  gas.  This 
experimental  determination  should  be  extremely  valuable.  But  I 
have  not  yet  derived  the  theoretical  relationship  between  "a"  and 
the  number  of  molecules  adsorbed  at  any  temperature. 

The  specificity  of  adsorption  for  which  there  has  hitherto  been  no 
adequate  explanation,  is  then  explained.  It  is  the  varying  amoimt 
of  cohesion  in  the  gas. 

The  amoimt  of  cohesion  in  the  various  molecules  in  the  foregoing 
table  is  expressed  in  cohesional  units.  Unit  quantity  of  cohesion  has- 
been  defined  by  the  author  as  that  quantity  of  cohesion  possessed  by 
a  hypothetical  molecule  of  the  weight  of  one  gram,  having  therefore  a 
molecular  weight  of  6.06  X  10^  and  possessed  of  6.06  X  10^  valences 
or  chemical  combining  equivalents.  The  reasons  for  this  definition 
are  given  elsewhere.    (Unpublished  observations.) 

The  specificity  of  the  adsorption  power  of  the  solid  is  also  now  ex- 
plained. It  is  the  amoimt  of  cohesion  per  molecule  of  the  soUd  which 
primarily  determines  its  adsorbing  power  toward  these  particular 
gases.  If  we  have  two  solids  of  the  same  porosity  and  extent  of  sur- 
face, one  of  them  having  a  very  high  cohesion,  and  the  other  a  rela- 
tively low  cohesion,  that  solid  with  the  higher  cohesion  will  adsorb 
best.  For  example,  at  the  temperature  of  soUd  hydrogen  there  can  be 
no  doubt  that  charcoal  will  prove  a  far  better  adsorbent  for  heUum 
than  will  solid  hydrogen  itself.  For  the  latter  has  a  very  low  cohesion; 
the  former  a  very  high  one.  Charcoal  adsorbs  extremely  well  at  these 
low  temperatures  as  Dewar  pointed  out.  If  cohesion  was  a  chemical 
process  one  would  expect  adsorption  at  such  low  temperatures  to  be 
diminished  or  slowed  instead  of  increased.  The  solids  which  are  the 
best  adsorbents  have  all  of  them  a  very  high  cohesion.  They  melt  at 
very  high  temperatures,  showing  in  this  way  the  intensity  of  their 
cohesional  fields.  They  are  charcoal,  silica  and  platiniun.  Solid 
ether,  soUd  alcohol,  fat,  substances  which  have  a  relatively  low 
cohesion  have  also  very  poor  powers  of  adsorption. 


Digitized  by 


Google 


570  ALBERT  P.  MATHEWS 

We  may  also  in  passing  and  in  order  to  get  a  clear  idea  of  the  differ- 
ence between  cohesional  and  chemical  forces,  consider  for  a  moment  the 
nature  of  cohesion.  What  is  it  in  a  molecule  which  determines  its 
quantity  of  cohesion?  There  are  two  factors  which  determine  the 
quantity  of  cohesion  in  a  molecule  (38).  One  of  these  factors  is  the 
amount  of  gravitation  it  has,  in  other  words  its  gravitational  mass. 
Other  things  equalthe  heavier  molecules  cohere  best.  This  is  shown 
very  clearly  if  we  compare  fluorine,  chlorine,  bromine  and  iodine.  The 
first  two  are  gases  or  vapors  at  ordinary  temperatures  and  pressures;  the 
third  is  a  liquid;  and  the  fourth  is  a  solid.  The  quantity  of  cohesion 
increases  with  the  gravitational  mass.  The  other  factor  is  the  amoimt 
of  chemical  aflSnity  which  the  molecule  has.  This  quantity,  its  chemical 
mass,  is  expressed,  or  seems  to  be  expressed,  as  this  point  is  not  entirely 
certain,  by  the  ratio  of  the  number  of  valences  (chemical  combining 
equivalents)  to  the  molecular  weight.  For  example,  the  most  reactive 
element,  that  one  with  the  greatest  amount  of  chemical  aflSnity  is 
without  doubt  the  negative  electron.  This  has  one  valence  and  a  mole- 
cular weight  of  1/1845.  It  may  be  said  to  contain  1845  units  of 
chemical  aflSnity;  the  next  most  powerful  is  the  positive  electron,  the 
hydrogen  nucleus.  This  has  a  valence  of  unity  and  weight  of  imity. 
It  has  UI^t  quantity  of  chemical  aflSnity.  Argon  has  approximately 
one  valence  and  an  atomic  weight  of  40.  It  has  l/40th  of  a  imit. 
Oxygen  has  l/8th  of  a  unit  and  so  on. 

If  C  is  the  amount  of  cohesion  in  cohesional  units,  the  author  found 
that  the  quantity  of  cohesion  in  any  molecule  was  expressed  by  the 
following  formula; 

C^K  =   (m^fc  X    VaUWt)^/^ 

In  this  formula  if  is  a  constant  of  proportion,  the  cohesional  con- 
stant, being  equal  to  fc^/s  or  1.  643  X  10~^;  m,  is  the  gravitational  mass 
in  grams;  fc,  is  the  gravitational  constant,  of  the  value  of  6.660  X  10~*; 
Val  is  the  number  of  valences,  the  sum  of  the  valences  of  the  atoms 
composing  the  molecule;  and  Wt  is  the  molecular  weight. 

a  of  van  der  Waals'  equation  is  equal  to  N^C^K,  where  N  is  the 
nmnber  of  molecules  of  the  gas  for  which  a  is  determined. 

It  is  clear  from  the  foregoing  that  cohesion  is  not  identical  with 
chemical  affinity,  as  Traube,  Langmuir,  Harkins,  and  some  others 
have  supposed.  Cohesion  differs  from  chemical  afi&nity  in  two  particu- 
lars. Cohesion  varies  inversely  with  the  4th  power  of  the  distance; 
whereas  the  force  of  chemical  afi&nity  varies  apparently  as  the  square. 
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Chemical  aflSnity  is  either  electrical  or  magnetic,  and  probably  the 
former.  Cohesion  is  neither  of  these.  Chemical  aflSnity  appears  to 
vary  directly  as  the  number  of  valences  and  inversely  as  the  atomic 
weight,  whereas  cohesion  varies  directly  as  the  molecular  weight,  that 
is  directly  as  the  gravitational  mass.  Cohesion  involves  both  gravita- 
tional aflSnity  and   chemical  aflSnity. 

Having  found  a  method  of  computing  cohesion  let  us  now  compfute 
what  the  strength  of  the  field  at  the  surface  of  charcoal  will  be.  Some 
assumptions  are  necessary  but  probably  a  result  of  the  correct  order  of 
magnitude  can  be  obtained.  We  shall  assume  that  the  cohesion  is  due 
to  the  molecules  of  carbon,  which  will  be  taken  as  Ce,  and  we  shall 
disregard  the  other  constituents,  silicates,  phosphates,  etc.,  which  are 
usually  present.  The  diameter  of  a  molecule  of  Ce  will  be  taken  as 
5  X  10"*  cm.    From  the  formula 

C  =   (m'  X  Val/Wty/^ 

and  assuming  that  the  law  of  adhesion  is  the  same  as  that  of  cohesion, 
what  will  be  the  attraction  between  hydrogen  gas  and  the  surface? 
m,  for  Ce  is  72  X  1.662  X  10-24;  Val  =  6  X  4  or  24;  Wt  is  72.  For 
hydrogen,  H2,  Ch  would  be  (2  X  1.662  X  10-24)2/3.  c  for  carbon, 
Ce,  would  be  then  1.68  X  lO-^^  cohesionaJ  units;  and  for  H2  2.08  X  lO-^*. 
If  then  a  molecule  of  H2  comes  within  a  distance  of  3  X  10"*  cm.  of 
a  molecule  of  Ce  the  two  will  attract  each  other  cohesively  as  CC'K/r* 
or  as  C  is  the  cohesion  of  H2  1.68  X  10""  X  2.08  X  10-i«  X  1.643 
X  10-V(10-«  X  3)^  dynes,  or  616  X  lO"*  dynes.  And  if  the  number 
of  molecules  in  1  sq.  cm.  of  the  surface  is  4  X  10^*,  each  molecule  of  Ce 
having  an  area  of  2.5  X  10"^^  sq.  cm.  the  cohesive  attraction  between 
a  layer  of  molecules  of  hydrogen  on  the  surface  of  a  layer  of  molecules 
of  Ce  so  thick  that  the  cohesion  of  the  carbon  is  saturated  would  be 
2.30  X  10^^  dynes  per  sq.  cm.  Or  as  there  are  1.0132  X  10«  dynes  in 
an  atmosphere,  this  would  be  a  force  equal  to  22,700  atmospheres. 
Of  course  this  tremendous  pressure  would  be  effective  only  if  the 
molecular  centers  could  approach  within  a  distance  of  1/2  the  sum  of 
their  diameters  or  of  3  X  10"^  cm.  The  force  falls  off  very  rapidly  so 
that  already  at  a  distance  of  10"^  cm.  the  attraction  between  two  such 
layers  of  molecules  would  have  fallen  to  about  184  atmospheres,  owing 
to  the  4th*  power  law.  This  shows  that  the  molecules  will  cohere 
only  when  they  are  practically  in  contact  with  each  other.  Let  us 
suppose  a  molecule  of  hydrogen  approaching  the  surface  with  the  mean 
velocity  of  a  molecule  at  zero  degrees  C.    Its  kinetic  energy  at  that 
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temperature  will  be  3.74  X  10~^*  ergs.  If  it  approaches  within  3  X  10~' 
cm.  of  the  carbon  molecule  it  will  be  attracted  with  a  cohesive  energy 
of  2.28  X  10~"  ergs.  It  will  be  seen  from  these  figures  that  the  slow 
moving  molecules  will  be  captured  and  held  by  the  cohesive  attrac- 
tion of  the  carbon  so  that  the  surface  will  come  to  be  covered  with  a 
layer  of  hydrogen  molecules  which  are  held  under  a  pressure  of  several 
hundred  or  even  several  thousand  atmospheres.  As  the  temperature 
falls,  more  and  more  molecules  will  be  captured  and  retained,  as  their 
kinetic  energy  is  no  longer  able  to  effect  their  evaporation  from  the 
surface.  A  condensation  constantly  increasing  with  the  fall  of  tem- 
perature will  occur.  Finally  at  some  temperature  the  surface  will 
be  entirely  covered  by  a  layer  of  hydrogen  molecules  probably  one 
layer  thick.  From  this  time  on  the  cohesion  is  diminished  to  about 
that  of  condensed  hydrogen.'  The  influence  of  the  adsorbing  solid  will 
be  no  longer  felt,  and  the  surface  will  behave  like  one  of  condensed 
hydrogen.  At  the  critical  point  of  hydrogen,  i.e.,  33°  Absolute,  the 
critical  pressure  is  12.8  atmospheres.  The  internal  or  cohesive  pres- 
sure is  perhaps  6.5  times  this  or  say  83  atmospheres.  The  attraction, 
therefore,  between  Uquid  and  vapor  of  hydrogen  is  very  small  com- 
pared to  the  attraction  between  solid  charcoal  and  hydrogen. 

Conclusion:  The  foregoing  considerations  show  that  the  adsorptions 
of  gases  and  vapors  by  such  solids  as  charcoal  in  the  instances  speci- 
fied, is  due  to  -the  intense  cohesional  fields  of  the  solids.  The  union 
between  the  adsorbent  and  the  adsorbed  is  brought  about  by  the  force 
of  cohesion.  There  is  a  close  paralleUsm  between  the  quantity  of 
cohesion  in  a  gas  molecule  and  the  number  of  such  molecules  which  can 
be  retained  by  any  solid  on  its  surface.  This  variation  in  cohesion  of 
different  gases  explains  the  specificity  of  the  adsorption,  in  these 
cases.  The  cohesive  field  of  the  soUd  is  also  of  importance  and  all 
good  adsorbents,  such  as  charcoal,  silica  gel  and  talc,  have  very  high 
cohesions.  The  cohesive  field  at  the  surface  of  charcoal  is  at  a  semi- 
diameter  of  a  molecule  from  the  surface  of  the  order  of  magnitude  of 
20^000  atmospheres. 

In  addition  to  adsorption  of  gases  by  cohesion,  chemical  forces  also 
may  in  some  instances  come  into  play,  through  reserve  valences,  to 
increase  the  force  of  attraction.  Two  clear  cases  are  known  to  the 
writer,  namely,  the  adsorption  of  oxygen  and  carbon  monoxide  by 
hemoglobin.  These  are  adsorbed  chemically  to  the  colloidal  hemo- 
globin. The  cohesive  fields  of  neither  of  these  gases  is  sufficiently 
intense  to  explain  their  adsorption.    Their  cohesion  is  between  that 
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of  nitrogen  and  methane  and  neither  of  these  latter  gases  is 
appreciably  adsorbed  by  hemoglobin  at  the  temperature  of  the  body. 
In  the  eases  of  O2  and  CO  and  hemoglobin,  therefore,  an  additional 
attractive  force  of  a  chemical  nature,  which  is  much  more  intense  than 
cohesion,  comes  into  play.  The  molecules  of  O2  and  CO  are  chemically 
united  with  the  hemoglobin  as  is  shown  by  the  change  in  the  spectrum, 
by  the  change  in  crystalline  form,  and  by  the  exact  stoichiometrical 
relationships  which  exist  when  the  hemoglobin  is  saturated.  One 
molecule  of  oxygen  or  one  molecule  of  CO  is  taken  up  at  the  maximum 
and  no  more;  and  the  compoimd  is  obtained  in  a  crystalline  form. 

While  most  cases  of  adsorption  of  gases  by  soUds  are  therefore 
cohesional  and  hence  physical,  others,  and  particularly  these  two  of 
such  great  physiological  interest,  are  chemical.  The  fact  that  the 
isotherm  has  the  same  characteristics  in  the  two  cases  shows  that 
Arrhenius  is  correct  in  concluding  that  the  form  of  the  isotherm  indi- 
cates nothing  as  to  the  nature  of  the  forces  holding  the  dissociable 
compoimd  together.  The  isotherm  means  only  that  those  forces  are 
not  intense,  but  that  the  compound  is  readily  dissociable,  the  amount 
imdissociated  being  determined  by  the  pressures  of  the  constituents. 

The  adsorption  op  substances  in  solution  at  the  surfaces  of 
LIQUIDS  IN  contact  WITH  GASES.  This  is  the  phenomenon  which  is 
usually  considered  to  be  the  type  of  all  adsorptions  and  to  be  of  particu- 
lar importance  in  protoplasm.  Since  it  is  necessary  to  get  a  clear  con- 
cept of  the  nature  of  surface  tension  in  order  to  understand  the  problems 
which  arise,  we  may  begin  by  considering  the  relation  of  surface  ten- 
sion to  cohesion. 

1.  The  relation  of  surface  tension  to  cohesion.  By  reference  to  the 
diagram  on  page  566,  figure  1,  it  is  seen  that  surface  tension  is  pro- 
duced by  the  fact  that  the  surface  molecules  are  unequally  attracted 
outward  and  inward.  The  surface  molecules  of  a  liquid  in  contact 
with  its  saturated  vapor  do  not  have  their  peripherally  directed  lines 
of  cohesional  force  entirely  saturated  by  the  molecules  of  the  vapor, 
owing  to  the  low  density  of  the  latter,  but  these  lines  bend  laterally 
and  abut  on  the  neighboring  molecules  of  the  surface,  thus  setting  up 
an  additional  tension  or  strain  in  the  plane  of  the  surface  which  con- 
stitutes the  surface  tension.  This  gives  the  surface  the  property  of  an 
elastic,  stretched  solid  exerting  the  tension  of  an  elastic  skin  on  a  drop 
of  the  liquid  as  soon  as  it  becomes  spherical.  The  amount  of  this 
surface  tension,  or  extra  pull  in  the  plane  of  the  surface,  will  be  de- 
termined by  the  number  of  Unes  of  force  which  are  directed  into  the 
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plane  of  the  surface  instead  of  outward,  and  this  will  be  determined  by 
the  difference  in  the  number  of  molecules  in  the  liquid  and  the  gas  or 
vapor,  in  other  words  by  the  difference  of  density  of  the  liquid  and 
vapor.  As  the  cohesional  pressure  per  square  centimeter  varies  as 
the  square  of  the  density,  the  differential  of  pressure  constituting  the 
tension  will  be  proportional  to  the  square  of  the  difference  of  density 
of  Uquid  and  vapor  (37).  When  the  density  of  the  vapor  equals  the 
density  of  the  liquid,  as  it  does  at  the  critical  temperature,  there  will 
be  no  surface  tension. 

It  is  generally  stated  in  text  books  of  physics,  if  they  notice  the 
subject  at  all,  that  the  relation  between  cohesion  and  surface  tension 
is  unknown,  but  in  reality  a  limited  solution  of  the  problem  was  made 
by  Thomas  Yoimg  one  of  the  earliest  writers  on  the  subject  of  capillarity 
and  cohesion  over  a  century  ago  but  his  conclusions  in  this  direction 
appear  to  have  been  overlooked  by  most  writers.  Yoimg  stated  that 
the  surface  tension  energy  of  unit  surface  was  equal  to  one  third  of  the 
total  cohesive  pressure  of  a  stratum  of  particles  as  deep  as  the  distance 
to  which  the  cohesional  attraction  penetrates.  Putting  this  in  the 
form  of  an  equation  we  have 

S  =  Kr/S 

S  being  the  surface  tension  energy  per  unit  of  surface;  K  being  the 
cohesive  pressure  per  square  centimeter,  represented  by  van  der 
Waals  later  as  a/V^;  and  r,  is  the  radius  of  action  of  the  cohesional 
force.  Now  since  Young  in  deducing  the  formula  neglected  the  co- 
hesion of  the  vapor  and  considered  only  that  of  the  liquid,  this  formula 
holds  only  at  that  temperature  where  there  is  no  vapor,  in  other  words 
at  absolute  zero.  The  true  relation  which  holds  for  all  temperatures 
was  found  by  the  author  (37).  It  is  obtained  by  multiplying  the  right 
hand  member  of  the  equation  by  {Tc—T)/Tc.    It  is  as  follows: 

S   =    {ado/SMN^/W^/^){Tc-T)/Tc 

or  by  sUght  rearrangement, 

572/3  =   {ado/3Mm/^Tc){Tc-T) 

V  is  the  volume  of  a  gram  mol  of  the  liquid  at  the  temperature  T;  a, 
is  van  der  Waals'  constant,  that  is  the  quantity  of  cohesion  in  a  gram 
mol  of  the  liquid;  do,  is  the  density  at  absolute  zero;  Af,  the  molecular 
weight;  iV,  the  number  of  molecules  in  a  gram  mol;  Te,  the  critical 
temperature;  T,  the  temperature  at  which  the  surface  tension,  S,  is 
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measured.  This  foramla  is  nothing  else  than  the  empirical  formula 
foimd  by  Eotvos,  correlating  the  surface  tension  and  the  temperature: 

C  is  a  constant  having  the  value,  usually,  in  non-associating  substances 
of  about  2.15.  The  significance  of  C  is  shown  by  inspecting  the  previous 
formula,  to  be  adjSMN^/'^T^.  And  Kr/3  is  ado/SMN^f^V^/K  This 
formula  practically  says  that  the  surface  tension  energy  is  a  function 
of  the  difference  in  cohesive  energies  of  the  vapor  and  liquid. 

2.  The  depth  of  the  surface  film.  How  deep  is  the  film  in  which  sur- 
face tension  exists?  We  have  to  know  this  before  we  can  get  any 
idea  as  to  how  much  substance  it  can  dissolve,  van  der  Waals  showed 
that  in  such  a  layer  there  is  a  diminution  of  density  as  one  passes  toward 
the  vapor.  This  layer  has  been  measured  in  various  ways,  and  com- 
puted in  other  ways,  and  it  is  foimd  to  be  a  function  of  the  temperature, 
being  deeper  as  the  temperature  rises.  At  ordinary  temperatures  for 
water,  it  is  about  two,  or  at  the  most  three,  molecular  layers  deep.  It 
increases  slowly  in  depth  until  quite  near  the  critical  temperature 
when  it  increases  very  rapidly,  becoming  as  deep  as  the  vapor  at  that 
temperature.  The  number  of  molecular  layers  is  probably  given  by 
the    formula  (37) 

(dom  -  d,)y 

It  is  clear  from  this  that  the  amount  of  liquid  in  the  surface  film  is 
extremely  small.  The  total  depth  is  hardly  greater  than  the  diameter 
of  the  smallest  colloidal  particle,  being  of  the  order  of  magnitude  of 
10""^  cm.  That  is  about  one  ten  millionth  of  a  centimeter.  At  the 
most  it  is  not  more  than  10~^  cm.  There  can,  therefore,  be  extremely 
little  substance  dissolved  in  the  surface  film. 

3.  Adsorption  in  the  surface  film.  The  surface  tension  is  the  intensity 
factor  of  the  free  energy  of  the  sm^ace.  Willard  Gibbs  pointed  out, 
in  virtue  of  the  general?  principle  already  discussed  on  page  557  that 
any  substance  dissolved  in  a  liquid  so  that  the  surface  tension  of  the 
solution  was  lower  than  that  of  the  pure  solvent  would  concentrate 
in  the  surface  film,  for  by  so  doing  it  would  reduce  the  intensity  factor 
(the  surface  tension)  of  the  surface  energy.  But  it  will  be  observed 
that  while  by  so  concentrating  it  lowers  the  intensity  factor  of  the 
surface  energy,  it  increases  the  intensity  factor  of  the  osmotic  energy. 
Consequently  if  it  remains  in  solution,  it  can  only  accumulate  until 
the  increase  in  the  intensity  factor  of  the  osmotic  energy,  the  osmotic 
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pressure  in  other  words,  just  equals  the  decrease  in  the  intensity  factor 
of  the  surface  energy.  In  virtue  of  this  fact,  and  also  because  of  the 
extremely  mijiute  amount  of  Uquid  in  the  surface  film,  extremely  little 
accumulation  of  substances  is  to  be  looked  for  in  the  surface  film, 
particularly  when  the  very  small  surface  tension  changes  which  are 
possible  are  considered.  And  it  may  be  said  at  once  that  only  very 
minute  changes  in  concentration  can  be  produced  in  this  way,  as  long 
as  the  substance  remains  in  solution. 

But  if  the  solubility  of  the  substance  is  not  high,  so  that  the  limit 
of  solubility  is  passed  before  the  equiUbrium  of  lowered  surface  tension 
and  increased  osmotic  pressure  is  attained,  there  will  be  a  continuous 
separation  of  the  soUd  substance  at  the  surface.  If  the  substance  thus 
separating  is  colloidal  it  will  form  a  membrane  on  the  surface,  this 
membrane  being  composed  either  of  the  solid  colloid  itself,  or  having 
a  gel  structure;  if,  on  the  other  hand,  the  substance  is  crystalline,  such 
for  example  as  calcium  carbonate,  or  various  dyes  or  other  substance 
of  low  solubility,  it  may  separate  in  crystals,  and  in  particular  in  small 
spherocrystals.  The  formation  of  a  scum  on  milk,  when  it  is  heated; 
the  formation  of  membranes  at  the  surface  of  protoplasm;  the  forma- 
tion of  a  solid  soap  layer  in  a  soap  film  or  in  a  soap  bubble  are  instances 
of  accimiulations  of  this  kind.  And  no  doubt  the  deposition  of  calcium 
salts  of  various  kinds  at  the  surfaces  of  animals  may  be  due  to  a  similar 
process  of  secretion  (70).  Protective  membranes  tending  to  separate 
the  phases  may  thus  be  produced.  By  this  very  simple  jnethod  an 
individual  is  rendered  to  some  degree  independent  of  its  environment 
and  a  great  step  forward  in  securing  freedom  from  that  environment, 
in  other  words  the  first  step  forward  in  evolution  of  primitive  proto- 
plasm, was  taken. 

In  this  way  then  shells,  bones,  spicules  of  minerals,  nuclear  mem- 
branes, ectoplasm  and  other  membranes  may  be  produced  by  the  con- 
tinued secretion  into  the  surface  layer  of  substances  which  lower  the 
tension  of  that  layer  and  which  by  their  insolubility  are  prevented  from 
reaching  equiUbrium  (32),  (70). 

Another  very  important  result  of  this  accumulation  of  colloidal 
substances  which  thus  forms  a  coherent  membrane,  or  even  a  gel,  at 
the  surface,  is  that  it  greatly  increases  the  viscosity  of  the  surface  film. 
It  has  been  found  by  various  observers  that  if  a  magnetic  needle  is  sus- 
pended in  the  surface  film  it  will  move  into  the  magnetic  meridian  very 
much  more  slowly,  in  the  case  of  soap  and  many  other  solutions,  than 
if  it  is  suspended  beneath  the  surface.    This  viscosity  of  the  surface 
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is  only  marked  in  the  case  of  those  solutions  containing  colloids  which 
have  the  property  of  lowering  the  surface  tension  of  the  boundary  of 
solution  and  vapor  or  air.  The  viscosity  of  the  surface  layer  of  a 
solution  of  sodiiun  chloride  is  not  greater  than  that  of  the  solution  itself. 

This  increase  in  the  viscosity  of  the  surface  layer,  due  to  this  process 
of  secretion,  if  we  may  so  call  it,  is  of  very  great  interest.  It  is  the 
reason,  probably,  that  the  ectoplasm  of  nearly  all  cells  is  tougher, 
more  membranous,  more  like  a  gel,  than  the  endoplasm;  and  that  the 
nuclear  membrane  is  tough.  It  is  this  surface  viscosity  also,  which 
causes  liquids  to  foam.  Foaming  is  the  physical  characteristic  of  a 
soap  solution.  All  solutions  which  foam  do  so  because  their  surfaces 
have  a  high  viscosity;  and  the  higher  the  viscosity  the  more  stable 
is  the  foam.  The  \iscosity  of  the  surface  film  of  a  soap  solution  is 
so  great  that  it  is  almost  a  solid.  The  foaming  of  blood  when  air  is 
drawn  through  it,  is  due  to  the  same  cause;  and  indeed  it  is  probable 
that  the  power  of  making  emulsions  of  all  kinds,  such  for  example  as 
that  of  protoplasm  itself,  is  due  to  this  secretion  of  substances  of  a 
colloidal  nature  into  the  surface  film  with  a  resulting  great  viscosity. 
The  film  may  actually  come  to  be  solid  and  its  viscosity  prevents  it 
from  rupturing.  For  foaming,  then,  two  things  are  necessary,  namely 
the  presence  of  colloidal  material  which  lowers  surface  tension  so  that 
it  acciunulates  in  the  film,  and  second  the  high  viscosity  of  the  film 
produced  by  the  presence  of  this  material.  If  it  be  desired  to  prevent 
foaming  in  a  liquid  all  that  is  necessary  is  to  add  to  the  solution  some 
substance  which  will  reduce  the  surface  viscosity.  It  is  possible  that 
the  pharmacological  action  of  certain  alcohols,  anesthetics,  and  other 
"capillary  active''  substances  with  low  surface  tension  may  be  due  in 
part  or  wholly  to  this  action  as  Traube  has  suggested.  Lee  also  foimd 
that  minute  amoimts  of  alcohol  reduced  fatigue  in  muscle  and  he 
thought  this  might  be  due  to  a  reduction  in  viscosity  of  the  protoplasm. 
There  are,  however,  so  many  other  possibilities  of  the  action  of  these 
substances  and  the  parallelism  between  their  surface  tension  lowering 
powers  and  their  pharmacological  action  is  so  incomplete  that  it  is 
impossible  as  yet  to  make  a  definite  statement  on  the  subject. 

On  the  other  hand  it  is  clear  that  the  accmnulation  of  a  substance 
like  alcohol,  or  ether  in  the  surface  of  separation  of  water  and  air, 
must  be  very  minute,  for  these  substances  do  not  precipitate  there,  and 
they  quickly  reach  an  equihbrium  between  surface  tension  lowering  and 
osmotic  pressure  raising. 


Digitized  by 


Google 


578  ALBERT  P.  MATHEWS 

Another  matter  of  very  great  interest  is  the  orientation  of  mole- 
cules in  the  surface  film.  It  has  been  shown  by  Harkins  (21)  and  also 
by  Langmuir  that  the  molecules  of  a  fatty  acid,  when  they  lie  on  the 
surface  of  water,  orient  themselves  so  that  the  carboxyl  group  is  in 
the  water,  and  if  the  acid  is  saturated  and  has  a  long  chain  of  carbon 
atoms,  as  for  example  pahnitic  acid,  the  rest  of  the  molecule  arranges 
itself  perpendicularly  to  the  surface.  The  molecules  thus  take  a 
parallel  or  palisade  arrangement  in  the  surface.  The  carboxyl  group 
is  called  a  "polar"  group,  but  we  might  also  call  it  hydrotropic.  Is 
it  not  interesting  that  the  carboxyl  end  of  the  molecule  of  a  fatty  acid 
seeks  the  water,  just  as  the  growing  roots  of  a  willow  seek  water?  How 
similar  such  a  molecule,  with  its  jointed,  segmented  body  is  to  an 
annelid,  or  a  shrimp  I  It  even  has  a  gradient  of  irritability  in  it  like 
an  earthworm,  being  most  reactive  at  the  carboxyl  end,  as  the  author 
has  pointed  out.  In  oleic  acid  the  molecule  bends  down  in  the  middle 
where  the  double  bond  is  to  bury  this  in  the  water  also.  This  orienta- 
tion of  molecules  at  the  surfaces  of  such  films,  if  it  occurs  at  the  sur- 
face of  protoplasm,  as  it  may,  but  has  not  yet  been  shown  to  do  so, 
might  be  of  great  importance  in  the  passage  of  substances  through  the 
surface  film;  it  might  be  of  great  importance  in  the  passage  of  the 
nerve  impulse  and  the  electrical  wave;  and  in  the  secretion  or  absorption 
of  water  by  the  cell.  It  is  possible  that  it  may  be  at  the  bottom  of  the 
striated  appearance  of  the  limiting  membranes  of  the  intestinal  cells. 

Another  phase  of  this  matter  which  may  be  touched  on  here  is  the 
nature  of  the  gels  which  are  formed  at  the  surface  of  soap  solutions. 
It  was  shown  by  Clowes  (8)  that  in  an  emulsion  of  oil,  a  little  soap 
and  water,,  that  two  forms  of  emulsions  exist,  namely,  water  in  oil; 
and  oil  in  water.  In  the  first  case  the  oil  is  the  outer  phase  and  com- 
pletely surroimds  the  water;  in  the  latter  case  the  water  is  the  external 
phase  and  surrounds  the  oil.  Clowes  has  foimd  that  emulsions  of  this 
character,  particularly  at  their  transition  points  where  they  are  about 
to  pass  from  one  kind  to  the  other,  are  affected  by  salts  just  as  is  proto- 
plasm. And  on  such  emulsions  he  shows  the  same  antagonistic  action 
of  salts  which  has  been  studied  for  cells  by  Pauli,  Loeb,  Osterhout, 
LilUe,  Mathews,  Koch  and  others.  Clowes  suggests  that  in  proto- 
plasm there  is  such  an  emulsion  with  the  oil  the  external  phase,  but 
very  near  its  point  of  transformation.  However  were  this  the  case 
water  soluble  substances  could  not  penetrate  protoplasm,  so  it  is  cer- 
tain that  the  picture,  while  it  explains  many  phenomena,  is  not  yet 
complete.    Fischer  (10)  has  suggested  that  the  difference  between  a 
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soap  sol  and  a  soap  gel,  is  that  in  the  sol  the  water  is  the  external 
phase  of  the  emulsion;  whereas  in  the  gel  the  soap  is  the  external  phase. 
It  is  possible  that  in  the  external  membrane  of  the  cell  a  transition 
may  occur  from  the  one  kind  of  emulsion  to  the  other,  but  this  while 
suggestive  has  not  been  proved.  However  the  remarkably  interesting 
observations  of  Kite  (26),  and  in  particular  of  Chambers  (7)  on  the 
micro-dissection  and  micro-physiology  of  cells,  point  clearly  in  this 
direction.  The  great  difficulty  comes  in  transferring  to  such  a  mixed 
emulsion  as  protoplasm,  which  is  in  contact  with  water  and  penetrated 
by  water,  the  results  and  conceptions  coming  from  a  study  of  the 
phenomena  of  the  simple  surface  of  separation  of  a  solution  and  air. 

4.  Explanation  of  the  process.  The  exact  mechanics  of  this  surface 
condensation  or  adsorption  is  not  yet  clear.  The  fact  that  the  energy 
relations  are  satisfied  gives  us  no  pictiu-e  at  all  of  the  mechanism  of  the 
process,  and  before  we  really  understand  it  we  must  have  such  a  picture. 
It  is  possible  that  it  is  due  to  the  drawing  inward,  in  consequence  of 
their  greater  cohesion,  of  the  solvent  molecules,  leaving  the  solute 
behind  in  the  surface.  All  the  substances  which  thus  acciunulate  at 
the  boundary  of  water  and  air  have  a  lower  surface  tension  than  water. 

6.  Conclusion,  The  surface  film  of  a  liquid  in  contact  with  its 
vapor  is  at  ordinary  temperatures  only  two  or  three  molecular  diame- 
ters deep.  It  can  therefore  dissolve  only  a  very  minute  amoimt  of 
substance.  The  accimiulation  of  any  substance  in  this  film,  that  is 
its  adsorption,  will  be  extremely  small  as  long  as  the  substance  remains 
in  solution;  for  the  accumulation  can  only  go  to  the  point  where  the 
change  in  surface  tension  is  balanced  by  the  increase,  or  decrease,  in 
osmotic  pressure.  But  if  the  substance  is  little  soluble,  or  if  it  forms  a 
gel,  a  continuous  secretion  can  take  place  at  the  surface  and  probably 
the  surface  membrane  of  protoplasm,  is  produced  in  this  way,  at 
least  in  part.  However  this  has  not  yet  been  proved.  Also  some 
change  in  distribution  of  substances  in  cells  may  be  produced  in  this 
manner  as  Macallum  has  suggested.  It  cannot  be  said,  however,  that 
any  such  instance  has  as  yet  been  proved. 

The  mechanics  of  the  process  of  accimiulation  is  not  explained  by 
the  principle  of  energetics  cited  to  explain  it.  The  reduction  of  surface 
tension  by  the  passage  of  these  substances  into  the  surface,  is  a  result  of 
their  accumulating  there;  it  is  not  the  cause.  The  cause  probably  is 
that  the  cohesion  of  the  solvent  molecules  is  greater  than  the  adhesion 
of  the  solvent  for  solute,  or  the  cohesion  of  the  solute,  and  as  a  conse- 
quence the  solvent  molecules  are  drawn  in  from  the  surface,  leaving  the 
solute  concentrated  in  the  surface. 
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Surface  tension  and  adsorption  .at  the  boundaries  op  solid 
AND  uquid.  The  conditions  at  the  surface  of  a  solid  and  liquid 
do  not  differ  in  essentials  from  the  condition  at  the  surface  of  vapor 
and  liquid  phases.  But  the  surface  tension  cannot  be  measured  at 
the  boundary  of  solid  and  liquid.  It  is  entirely  erroneous,  therefore, 
to  proceed,  as  most  have  done,  and  to  carry  over  to  such  cases  results 
which  have  been  obtained  from  the  study  of  a  surface  of  a  liquid  in 
contact  with  its  vapor.  How  can  it  be  predicted  whether  a  substance 
in  solution  will  accumulate  at  the  surface  of  separation  of  solid  and 
liquid,  if  nothing  is  known  of  the  tension  at  that  surface  and  still  less 
of  how  the  tension  will  be  effected  by  the  entry  into  the  surface  of  a 
third  substance?  While  the  tension  of  the  liquid  in  contact  with  a 
solid  cannot  be  measured  we  may  deduce  certain  conclusions  in  regard 
to  it.  And  in  the  first  place  it  is  certain  that  the  surface  tension  of 
most  liquids  in  contact  with  most  solids  is  negative.  This  follows 
from  several  considerations:  a,  positive  surface  tension,  such  as 
occurs  at  the  boundary  of  liquid  and  air,  is  due  to  the  greater  attrac- 
tion inward,  as  compared  to  the  outward  attraction,  of  the  surface 
molecules;  6,  adhesion  appears  to  follow  the  same  laws  as  cohesion; 
c,  because  the  cohesional  fields  of  most  solids  are  greater  than  those  of 
most  liquids.  Consequently  the  peripheral  layer  of  molecules  of  a  liquid 
in  contact  with  a  solid  must  be  attracted  outward  to  the  solid  more 
than  they  are  inward.  The  differential  of  pressure  is  then  directed 
outward,  rather  than  inward  as  it  is  at  the  surface  of  liquid  and  air 
and  as  a  result  of  this  the  surface  tension  of  the  liquid  will  be  negative. 
The  liquid  will  spread  over  the  solid  and  increase  its  surface  to  a  maxi- 
mum. Furthermore  the  liquid  in  contact  with  the  solid  will  become 
more  dense,  often,  than  the  rest  of  the  Uquid,  and  this  will  force  any 
gas,  soap,  or  capillary  active  substance  out  of  this  layer.  In  fact  it 
is  in  virtue  of  this  cohesional  field  of  a  solid  being  intense  that  the 
solid  is  able  to  condense  vapors  and  gases  on  its  surface.  And  for  the 
same  reason  when  a  solid  is  taken  out  of  a  liquid  which  wets  it,  and  a 
liquid  will  wet  any  solid  in  which  the  attraction  of  the  molecules  of 
the  liquid  for  the  solid  is  more  than  half  that  of  the  liquid  particles 
for  each  other  (see  Young),  a  layer  of  the  liquid  remains  attached  to 
the  soUd.  It  is  only  a  few  Uquids  of  high  cohesion,  such  as  mercury, 
which  will  not  spread  on  some  solids  and  in  particular  such  as  are 
covered  by  a  layer  of  air.  In  all  other  cases  the  surface  tension  of  the 
liquid  in  contact  with  the  solid  is  negative.  We  do  not  know  how 
negative  it  is,  although  an  approximation  may  be  made  by  computation. 
So  far  as  I  know  such  computations  have  not  been  carried  out. 
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The  surface  tension  of  the  liquid  being  negative,  we  cannot  say  that 
because  a  substance  accumulates  in  the  surface  film  of  the  liquid  in 
contact  with  air,  where  the  tension  is  positive,  that  it  will  also  accumu- 
late in  the  surface  film  of  a  liquid  in  contact  with  a  solid.  As  a  matter 
of  fact  it  will  usually  be  negatively  adsorbed  here.  Michaelis  and 
Rona  (45)  have  recently  shown  that  the  adsorption  of  capillary  active 
substances,  such  as  some  alcohols,  is  so  small  with  most  adsorbents 
that  it  cannot  be  detected  whereas  it  is  usually  stated  in  books  on 
adsorption  that  it  is  at  a  maximum  for  such  substances. 

The  surface  tension  of  the  solid  in  contact  with  a  Uquid  is  reduced 
from  what  it  is  in  contact  with  air.  The  surface  tension  of  the  liquid 
is  usually  negative,  when  it  abuts  on  a  solid;  but  the  surface  tension 
of  the  solid  usually  remains  positive.  The  algebraic  sum  of  both  these 
tensions  is  positive  except  for  substances  which  dissolve.  When  the 
sum  of  both  solid  and  Uquid  tensions  becomes  negative,  then  not  only 
will  the  liquid  spread  on  the  solid  but  the  solid  will  spread  on  the  liquid 
and  solution  will  take  place.  This  is  probably  what  determines  solu- 
bility; at  least  it  is  one  of  the  factors  as  Gibbs  pointed  out. 

Suppose  now  alcohol,  or  ether,  or  any  other  substance  of  a  lower 
surface  tension  than  water  is  in  water  in  contact  with  a  solid,  let  us 
say  glass.  Will  the  alcohol  and  ether  or  gas  move  into  the  surface  of 
contact  or  will  they  move  away  from  it?  It  is  ordinarily  stated  that 
they  will  move  into  it  (See  Macallum,  (32)  p.  618).  As  a  matter  of 
fact  they  must  move  away  from  it  and  their  adsorption  will  be  nega- 
tive. At  this  surface  the  differential  of  pressure  in  the  liquid  is  now 
outward,  whereas  it  was  inward  in  the  gas-liquid  boundary.  The 
adhesion  between  glass  and  alcohol  is  less  than  between  glass  and  water. 
Water  will  displace  the  alcohol  or  ether  from  the  boundary  and  move 
to  the  solid.  It  is  a  very  similar  case  to  that  of  the  earth.  As  it 
stands  in  contact  with  the  ether,  air,  Uquids  and  light  solids  of  small 
gravitation  move  to  the  surface.  But  if  another  planet  came  in  con- 
tact with  the  earth,  these  same  Ught  substances  would  move  out  of  the 
zone  of  contact. 

And  on  the  other  hand  salts,  such  as  sodium  chloride  which  have  a 
greater  cohesion  than  water,  will  move  into  the  surface  of  contact  of 
liquid  and  solid  and  be  sUghtly  concentrated  there.  Their  adhesion  to 
the  solid  is  greater  than  water,  and  they  will  tend  to  displace  the  water. 
The  relations  will  be  just  the  contrary  to  those  usually  asserted.  Fur- 
thermore the  substance  thus  adhering  to  the  surface  of  the  solid  in 
virtue  of  the  force  of  cohesion  alone,  will  really  be  adhering  to  the  solid. 


Digitized  by 


Google 


582  ALBERT  P.  MATHEWS 

It  will  not  be  simply  dissolved  in  an  adherent  layer  of  liquid  as  has 
been  stated. 

The  adsorption  by  most  solids  of  capillary  active  substances  is  so 
shght  that  as  a  matter  of  fact  Michaelis  and  Rona  (42)  could  discover 
none  at  all  for  most  adsorbents.  It  was  only  in  the  case  of  charcoal 
and  talcimi  that  a  very  slight  adsorption  of  octyl  and  decyl  alcohol 
could  be  estabUshed.  Furthermore  a  basis  is  thus  given  for  the  ad- 
sorption of  KCl  at  the  interfaces  in  cells  as  shown  by  Macallum  (32). 
This  observer  together  with  Miss  Menten  precipitates  potassiima  by 
sodium  cobaltonitrite,  and  subsequently  converts  the  precipitated 
cobalt  salt  into  the  sulphide  which  has  a  dark  color  and  can  be  seen  in 
cells.  Where  this  precipitate  occurs  it  is  assiuned  that  potassium  was. 
Chlorine  shows  much  the  same  distribution  so  that  the  salt  is  supposed 
to  be  potassiiun  chloride.  Macallum  interprets  the  pecuUar  distri- 
bution of  the  cobalt  sulphide  precipitate  as  indicating  how  potassium 
chloride  is  distributed  by  surface  tension  through  the  cell.  If  this 
precipitate  is  really  due  to  potassium  and  not  to  ammoniimi  or  other 
base,  the  foregoing  considerations  show  that  the  potassium  might  be 
distributed  by  adsorption  in  the  manner  Macallum  has  contended. 
However  there  are  so  many  unknown  factors  and  so  many  possibilities, 
that  any  certain  conclusion  is  impossible. 

Conclusion,  We  may  now  put  the  question  which  has  been  in  our 
minds  from  the  beginning.  Suppose  that  we  find  that  a  substance  in 
solution  concentrates  at  the  surface  of  a  soUd  which  is  in  contact  with 
that  solution.  It  is  positively  adsorbed  in  other  words.  Can  we 
conclude  from  this  fact  that  it  accumulates  there  because  it  lowers 
surface  tension?  Or  can  we  conclude  that  all  substances  which  accumu- 
late at  such  surfaces  will  be  those  which  acciunulate  at  the  surface  of 
contact  of  the  solution  with  air?  Or  can  we  conclude  anything  as  to 
the  state  of  surface  tension  at  the  point  where  accumulation  occurs?  To 
all  these  questions  there  is  but  one  answer  to  be  given:  No.  In 
no  case  can  we  draw  a  positive  conclusion.  For  as  we  have  seen, 
substances  may  stick  to  the  surfaces  of  soUds  either  because  thev  are 
held  there  by  forces  of  chemical  attraction,  or  by  forces  of  adhesion. 
We  can  say  nothing  as  to  the  nature  of  the  forces  because  the  sub- 
stances are  found  there.  But  of  one  thing  we  can  be  certain:  In  no 
case  do  they  accumulate  there  because  they  lower  the  surface  tension. 
Such  a  lowering  may  be  a  result;  it  is  certainly  not  the  cause.  Sodium 
chloride  will  move  somewhat  into  the  boundary  of  charcoal  and  water. 
This  is  not  because  it  lowers  the  surface  tension;  but  it  is  because  it 
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is  held  by  cohesion  more  firmly  to  the  solid  than  is  water  and  so  it 
displaces  the  water.  But  this  accimiulation  will  not  be  very  great; 
it  will  be  very  small,  for  by  moving  into  the  surface  its  concentration 
there  will  be  increased  and  osmotic  pressure  will  prevent  its  accimiula- 
tion. Above  all,  nothing  can  be  concluded,  as  Macallum  concludes, 
that  because  any  substctnce,  such  as  potassimn  chloride,  accmnulates 
at  one  part  of  a  cell,  that  it  does  so  because  the  surface  tension  is  lower 
there  than  some  where  else.  Let  us  suppose  we  have  a  cell  made  of  glass 
at  the  sides  and  the  two  ends  made  of  graphite  or  charcoal.  Suppose 
we  have  potassium  chloride  in  solution  in  water  in  such  a  cell.  Where 
will  the  potassium  chloride  accimmlate  most?  In  the  first  place 
since  it  is  soluble  the  accimiulation  will  be  extremely  minute  anywhere. 
The  cohesion  of  the  graphite  is  presumably  greater  than  that  of  the  glass. 
Consequently  the  sum  of  the  surface  tensions  of  the  water  and  the 
soUd  will  be  greater  in  the  case  of  the  water-graphite  boundary,  than 
for  the  glass-water  boundary.  Or  in  other  words  glass  will  have  a 
greater  tendency  to  dissolve  in  water  than  will  graphite.  Now  how 
will  the  potassium  chloride  behave?  It  will  concentrate  somewhat 
in  the  surface  film,  for  its  cohesion  is  greater  than  that  of  water.  We 
will  leave  out  of  account  the  chemical  substitution  which  may  take 
place  at  the  surfaces  of  either  the  glass  or  the  graphite.  The  chloride 
will  concentrate  most  on  the  graphite,  so  far  as  its  concentration  is  due 
to  its  cohesion,  for  the  graphite  has  the  greater  cohesion  and  will 
attract  it  most  strongly.  In  other  words  it  accumulates  where  the 
surface  tension  is  highest,  not  where  it  is  lowest,  as  Macallum  (32,  p. 
618)  suggests  it  should  do.  In  this  respect  therefore  his  reasoning  is 
wrong.  By  its  accutfiulation  it  will  indirectly  reduce  the  thermody- 
namic potential,  but  the  cause  of  its  accumulation  is  not  the  lowering 
of  the  surface  tension;  it  is  its  adhesion.  And  the  only  other  force 
which  we  have  to  consider  is  its  chemical  or  electrical  or  magnetic 
attraction  for  the  surface.  Much  that  has  been  written  on  positive 
adsorption  by  solids  of  substances  from  solution,  must  be  entirely 
rewritten,  as  it  is  erroneous.  A  substance  positively  adsorbed  at 
a  water-air  surface,  will  be  negatively  adsorbed  at  most  solid-water 
surfaces. 

As  a  matter  of  fact  most  cases  of  this  kind  of  adsorption  are  due  to 
still  more  powerful  aflSnities,  namely  those  of  the  atoms  themselves. 
They  are  adsorptions  due  to  chemical  affinity;  to  chemical  substitu- 
tions.   And  these  we  may  now  consider. 
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Chemical  adsorption  of  substances  from  solution  by  souds. 
Under  this  heading  are  found  most  of  those  cases  of  adsorption 
with  which  we  are  familiar,  such  as  decolorization  by  the  use  of 
charcoal;  staining  and  dyeing;  tanning;  the  precipitation  of  pro- 
teins; precipitation  of  one  colloid  by  another;  capillary  analysis  by 
means  of  filter  paper.  All  of  these  are  cases  of  adsorption,  for  the 
reason  that  the  adsorbing  substance  is  of  a  coarseness  at  least  equal 
to  that  of  the  smallest  colloidal  particle  in  diameter.  Consequently 
all  of  these  substances  make  with  the  solvent  an  heterogeneous  or 
diphasic  system.  But  this  however  does  not  alter  their  chemical 
powers,  and  in  most  or  all  of  these  adsorptions  there  can  be  little 
doubt  that  chemical  substitutions  rather  than  forces  of  surface  ten- 
sion, or  physical  forces,  are  involved.  I  shall  take  up  only  a  few  of 
these  for  criticism. 

Let  us  take  up  to  begin  with  the  decolorization  of  solutions  of  dyes 
by  charcoal  or  filter  paper.  It  is  well  known  that  basic  dyes  are  more 
easily  adsorbed  by  filter  paper,  or  rather  usually  more  basic  dye  is 
taken  up,  than  of  an  acid  dye.  This  is  generally  treated  as  if  it  were 
a  typical  case  of  adsorption,  for  the  reason  that  the  dye  can  be  ob- 
tained again  from  the  paper  by  washing  out  or  extraction  with  alcohol. 
It  was  found  by  FreundUch  and  Loser  (12)  that  when  methylene  blue 
was  adsorbed  by  charcoal,  an  amount  of  chlorine  corresponding  to 
the  methylene  blue  adsorbed  (47),  methylene  blue  being  a  chloride, 
was  found  in  the  wash  water.  This  process  has  now  been  studied 
further  by  Michaelis  and  Rona  (41)  with  very  interesting  results. 
They  find  that  the  purer  the  filter  paper,  the  less  is  the  adsorption. 
The  adsorption  is  determined  by,  and  the  amount  goes  proportional 
to,  the  amount  of  calcium  or  other  silicate  in  the  paper.  It  is  the  ash 
which  causes  the  adsorption  not  the  filter  paper.  The  same  thing  is 
true  of  charcoal.  This  discovery  destroys  at  once  the  whole  surface 
tension  theory.  It  shows  that  adhesion,  or  cohesion,  has  nothing  to 
do  with  the  matter,  since  cohesion  is  not  materially  changed  by 
extracting  the  mineral  substances.  Furthermore  it  turns  out  that  in 
the  filtrate  when  charcoal  is  the  adsorbent  one  always  finds  an  amount 
of  potassium  or  other  mineral  ion  replacing  the  basic  colored  ion 
adsorbed.  These  facts  show  in  the  clearest  manner  that  this  adsorp- 
tion is,  as  has  been  always  maintained  by  the  author,  a  true  chemical 
adsorption,  the  base  of  the  dye  chemically  substituting  the  base 
of  the  adsorbent.  Furthermore  the  presence  of  the  divalent  calcium 
permits  the  adsorption  of  some  acid  dye  as  well  as  a  base,  one  valence 
of  the  calcium  getting  free  to  attach  the  acid  dye. 
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The  staining  of  wool  in  dyeing  or  the  staining  of  sections  of  animal 
tissue  is  also,  as  the  author  long  ago  showed  (35),  a  process  of  chemical 
adsorption.  Wool  is  a  protein.  It  contains  free  amino  groups  and 
also  a  few  free  carboxyl  groups.  The  former  are  basic  and  will  bind 
acid;  the  latter  will  take  up  bases  reacting  with  them  to  form  salts. 
Now  the  dyes,  acid  or  basic,  do  not  differ  from  other  salts  in  their 
fundamental  properties.  If  we  add  acetic  acid  to  wool,  the  acetic 
acid  unites  with  the  protein  in  the  manner  described  presently,  in  the 
amino  groups,  and  by  ionization  of  the  salt  thus  formed  the  pro- 
tein becomes  positively  charged.  This  protein  will  then  unite  chemi- 
cally with  an  acid  dye,  since  the  colored  part  of  the  molecule  in  such  a 
dye  is  negative,  to  form  a  salt  which  is  colored.  And  similarly  in  an 
alkaline  solution  the  wool  will  be  electro  negative.  It  will  then  unite 
only  with  basic  dyes,  since  in  them  the  colored  part  is  electro  positive. 
The  physical  adsorptionists  (4)  try  to  save  this  case  as  a  physical 
adsorption,  by  saying  that  it  is  a  physical  force,  namely  the  electric 
charge,  which  causes  the  adsorption  and  that  this  is  a  case  of 
adsorption  due  to  electrical  charges.  So  it  is,  but  so  is  also  the 
adsorption  of  chlorine  by  a  sodium  ion.  Yet  no  one  denies  that  the 
force  holding  the  sodium  and  chlorine  together  in  sodium  chloride  is 
chemical.  And  so  it  is  here.  Haller  (16)  has  particularly  shown  these 
to  be  chemical  imions  but  because  solvents  may  separate  the  constit- 
uents he  interprets  them  as  not  being  chemical. 

Another  simple  case  of  adsorption  is  probably  the  adsorption  of  acid 
by  filter  paper.  If  one  place  on  filter  paper  a  drop  of  dilute  acid,  the 
peripheral  part  of  the  drop  will  be  found  not  to  be  acid  in  reaction.  The 
acid  remains  in  the  center  surrounded  by  a  halo  of  water.  What 
holds  the  acid  there?  The  colloid  chemist  says  that  it  is  a  case  of 
adsorption.  So  it  is,  but  this  explains  nothing.  In  this  case  the 
forces  holding  the  acid  are  probably  chemical.  The  colloid  chemists 
give  two  explanations  of  the  matter.  On  the  one  hand  they  say  it  is 
due  to  surface  tension  concentration  of  the  acid  at  the  phase  boundaries. 
It  concentrates  there  because  it  lowers  surface  tension.  And  on  the 
other  hand  it  is  explained  that  the  acid  is  adsorbed  because  the  hydro- 
gen ion  is  very  easy  to  adsorb.  But  why  the  hydrogen  ion  is  easily 
adsorbed  is  not  explained.  We  may  put  the  surface  tension  theory 
to  the  test  by  preparing  two  dilute  solutions,  one  of  sodimn  chloride, 
the  other  of  hydrochloric  acid  of  the  same  surface  tension.  Now 
make  a  wick  of  filter  paper  and  let  the  water  flow  by  capillarity  from 
the  wick.    It  will  be  found  that  the  first  drops  from  the  acid  are  water 
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and  not  acid;  on  the  other  hand  the  first  drops  from  the  sodium 
chloride  always  contain  the  salt.  It  seems  impossible  to  separate 
salt  from  water  by  filter  paper,  but  acid  can  be  separated.  The  surface 
tensions  were  the  same.  Evidently  the  physical  explanation  is  erroneous 
or  at  least  incomplete.  Prof.  J.  U.  Lloyd  told  the  writer  that  he 
had  carried  the  wick  clear  up  two  stories  high  and  down  in  an  attempt 
to  separate  water  from  salt  by  this  method,  but  always  the  first  drops 
contained  salt.  The  explanation  probably  is  that  given  by  Stie^tz  and 
incorporated  in  the  author's  textbook  (36).  It  is  that  ether  oxygen, 
such  as  exists  in  polysaccharides,  is  quadrivalent.  It  unites  with  acids, 
because  such  oxygen  is  slightly  basic.  The  acid  is  held  in  this  way. 
It  is  well  known  that  the  hydroxyl  alcohol  and  the  amino  groups  are 
closely  similar  in  their  properties.  And  since  the  latter  are  known  to 
bind  acids,  so  may  the  former.  Also  some  acid  compoimds  of  methyl 
ether  have  been  isolated  in  a  crystalline  form.  Oxonium  salts  are 
well  known.  Furthermore  it  is  also  known  that  acids  hydrolyze 
polysaccharides  becoming  free  again  after  hydrolysis  (49).  The  most 
probable  explanation  of  this  process  is  that  they  unite  with  the  sub- 
stances upon  which  they  act,  just  as  they  unite  with  the  proteins  which 
they  similarly  hydrolyze.  In  other  words  the  chemical  explanation 
of  this  adsorption  is  in  consonance  with  all  known  facts  and  it  is  much 
clearer,  as  showing  just  where  the  union  takes  place,  than  the  physical. 
And  the  physical  has  no  evidence  in  its  favor. 

Another  very  similar  case  of  chemical  adsorption  is  the  adsorption  of 
acids  by  proteins  with  the  resulting  change  in  the  sign  of  the  charge. 
This  phenomenon  is  explained  by  most  colloid  chemists  who  have 
written  of  it,  with  the  statement  that  hydrogen  ions  are  very  easily 
adsorbed  and  that  being  adsorbed  they  give  the  protein  the  positive 
charge  of  the  hydrogen.  This  statement  is  correct  only  in  so  far  as 
acids  are  readily  adsorbed  by  proteins.  The  rest  of  the  statement  is 
incorrect.  Furthermore  the  adsorption  is  due  to  a  chemical  imion  as 
has  been  shown  by  Kossel,  and  many  others.  The  amount  adsorbed 
is  proportional  to  the  free  NHj  groups.  The  adsorption  does  not 
occur  because  of  any  ease  of  adsorption  of  the  hydrogen  ion.  This 
ion  is  no  more  easy  to  adsorb  than  any  other.  It  all  depends  on  the 
adsorbent.  It  is  very  easily  adsorbed  by  basic  adsorbents,  but  not 
by  acid.  The  free  amino  groups  of  the  albumin  are  basic  in  character. 
They  have  the  property  by  increasing  the  valence  of  the  nitrogen  of 
adding  acids,  just  as  NHj  adds  acid.  The  sole  difference  is  that  in  the 
case  of  protein  the  molecule  is  so  large  that  it  makes  a  heterogeneous 
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solution,  whereas  ammonia  is  a  small  molecule.  Being  united  with 
the  amino  group,  the  chlorine  is  dissociated  leaving  a  positive  charge 
on  the  nitrogen  atom  from  which  it  separates.  The  positive  charge  is 
thus  obtained.  This  gives  a  clear  cut,  chemical,  readily  imderstood 
explanation  in  consonance  with  all  the  facts.  To  say  that  the  protein 
gets  its  charge  by  adsorbing  the  hydrogen  ion,  which  for  some  unknown 
reason  is  particularly  easily  adsorbed,  explains  nothing,  gives  no  clear 
picture  and  no  clew  to  an  experimental  verification. 

Furthermore  the  reversal  of  the  sign  by  putting  the  protein  in 
alkali  is  not  due  to  the  fact  that  the  protein  adsorbs  the  hydroxyl  ion, 
which  is  usually  said  to  be  particularly  easy  to  adsorb,  owing  to  some 
unknown  and  imaginary  effect  on  surface  tension.  The  change  in 
sign  is  due  to  the  fact  that  proteins  are  acids  also.  When  alkali  is 
added  a  chemical  reaction  occurs,  the  metal  salt  of  the  protein  being 
formed.  The  metal  ionizes  leaving  a  negative  charge  on  the  carboxyl 
oxygen  of  the  protein.  This  simple  explanation  covering  all  the 
facts  has  been  so  befogged  by  many  colloid  chemists  that  even  they 
themselves  could-  not  find  their  way  in  the  fog  of  their  own  making. 

A  typical  case  of  chemical  adsorption  is  the  adsorption  of  alkaloids 
by  Lloyd's  reagent,  an  aluminum  siUcate.  This  reagent  is  finding 
great  use  in  the  preparation  of  alkaloidal  tablets.  If  one  adds  this 
reagent  to  a  solution  of  an  alkaloid,  the  alkaloid  is  adsorbed  and  pre- 
cipitated. It  sticks  entirely  in  the  reagent.  In  this  case  the  chemical 
nature  of  the  process  is  shown  by  a  variety  of  facts.  In  the  first  place 
the  reagent  will  adsorb  only  basic  substances,  or  it  adsorbs  by  pre- 
ference basic,  that  is  positively  charged,  substances.  It  will  adsorb 
basic  dyes  far  better  than  acid.  In  fact  it  will  hardly  take  up  the 
latter  at  all.  This  shows  that  it  is  not  a  matter  of  adhesion  or  of 
siu^ace  tension,  for  there  is  no  class  difference  in  the  adhesions  and 
surface  tensions  of  acid  and  basic  dyes.  Furthermore  that  the  adsorbed 
substance  is  in  the  form  of  the  salt  is  shown  by  allowing  Lloyd 's  reagent 
to  adsorb  a  substance  which  is  colored  as  the  salt  but  not  as  the  free 
base.  Some  plant  colors  are  basic  and  have  this  peculiarity.  In 
such  cases  the  adsorbed  dye  has  its  color  of  the  salt  form,  not  that  of  the 
free  base.  And  in  addition  it  will  be  foimd  that  if  the  wash  water  is 
examined  the  acid  part  of  the  alkaloidal  salt,  such  as  sulphuric  or  other 
acid  is  in  the  filtrate.  A  decomposition  has  occiured.  This  adsorption 
is  then  due  to  chemical  forces. 

Among  the  many  interesting  cases  discussed  recently  by  Pauli 
(54)  showing  how  so  many  colloids  get  their  charges  by  processes 


Digitized  by 


Google 


588  ALBERT  P.  MATHEWS 

of  ionization,  in  a  manner  identical  with  the  explanations  given  by  the 
author  (36),  the  case  of  starch  may  be  mentioned.  It  has  long  been 
known  that  starch  contains  phosphoric  acid  (60),  but  usually  no  men- 
tion is  made  of  this  fact.  It  is  this  phosphoric  acid  which  most  easily 
gives  the  negative  charge  to  colloidal  starch  by  ionization.  If  the 
amylose  is  separated  from  the  amylopecten  which  contains  the  acid, 
the  pure  starch  has  very  little  negative  charge.  It  is  neutral  or  very 
nearly  so.  In  fact  most  of  the  substances  studied  by  colloid  chemists 
have  been  such  mixtures,  such  as  charcoal,  filter  paper,  etc.,  that  it  is 
hard  to  interpret  results. 

Finally  reference  should  be  made  in  closing  to  the  rectification  of 
another  erroneous  view  which  has  been  recently  made  by  Pauli  (54). 
It  has  been  beUeved  that  the  different  colors  of  the  gold  sol  which 
might  be  blue  or  red  were  simply  a  matter  of  fineness  of  subdivision  of 
particles.  The  view  has  been  that  gold  sol  consisted  of  gold  particles 
negatively  charged  by  their  sending  positive  gold  ions  in  solution. 
It  was  observed  that  the  different  colored  sols  had  different  colored 
particles  and  these  were  of  different  sizes.  The  erroneous,  or  rather 
the  unfounded,  inference  was  drawn  that  the  difference  in  color  was 
due  to  the  difference  in  size  of  particles.  In  most  metals  it  is  known 
that  a  difference  in  color  betokens  a  change  in  valence  of  the  metal 
as  for  example,  copper  or  iron.  This  has  now  been  shown  to  be  the 
case  also  by  Pauli,  the  gold  being  held  in  colloidal  solution  by  some  of  the 
aurate  and  having  the  negative  sign  of  this  anion.  The  color  change  is 
due  to  the  change  in  valence  of  the  gold  from  mono  to  trivaJence. 

Conclusion.  I  am  well  aware  that  this  treatment  of  this  part  of 
the  subject  is  incomplete  and  quite  contrary  to  the  views  generally 
held.  But  the  prevailing  views,  so  far  as  the  fog  which  exists  in  the 
field  permits  any  view  at  all,  are  distorted.  It  is  clear  that  the  force 
causing  the  adhesion  of  substances  to  the  surfaces  of  soUds  must  be 
usually  either  the  physical  force  of  adhesion,  or  the  chemical  one  of 
chemical  aflMty.  If  it  is  the  latter  then  the  compound  which  is 
formed  is  a  definite  chemical  compound,  whether  it  can  be  isolated 
or  not.  And  it  leads  only  to  confusion  to  treat  of  it  as  if  it  were 
a  compound  of  some  other  nature.  As  a  matter  of  fact  most  authors 
deal  with  these  compounds  as  if  they  were  not  chemical  com- 
pounds but  physical.  This  gets  them  at  once  into  difficulties,  for  the 
extreme  specificity  of  the  reactions,  the  clear  cut  substitutions  of  one 
base  or  acid  for  another,  pointing  clearly  to  a  chemical  union,  remain 
wholly  unexplained.    They  are  forced  to  fall  back  on  their  favorite 
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explanation,  namely,  that  the  ease  is  one  of  specific  adsorption  and 
let  it  go  at  that.  In  fact  the  whole  subject  at  the  present  time  is  a 
perfect  morass  and  those  who  wander  in  this  field  with  physical  ad- 
sorption for  their  lantern  climb  out  of  one  mud  hole  only  to  fall  into 
another.  In  no  field  does  this  happen  more  frequently  than  that  of 
dyeing  and  the  staining  of  fibers,  or  the  precipitation  of  proteins. 
There  seems  to  be  some  innate  objection  on  the  part  of  Freundlich, 
Ostwald  and  other  colloid  chemists  to  considering  proteins  as  if  they 
were  chemical  compounds.  When  a  thing  is  a  colloid  it  at  once  is  treat- 
ed as  if  it  had  lost  all  its  chemical  properties.  As  a  result  it  is  im- 
possible to  understand  why  wool  colors  itself  in  an  alkaline  bath  with 
basic  stains  and  in  an  acid  bath  with  acid  dyes.  Fanciful  explanations 
must  be  adopted  based  on  the  wholly  supposititious  greater  ease  of  ad- 
sorption of  one  ion  than  another,  an  ease  of  adsorption  for  which  no 
explanation  whatever  is  given.  All  the  phenomena  are  predictable,  and 
readily  understood,  on  the  basis  of  a  chemical  union,  and  they  are  not 
explicable  on  any  other  theory  known  to  the  writer. 

I  may  cite  one  other  example  of  the  increasing  confusion  which  the 
use  of  the  word  adsorption  in  the  sense  of  a  physical  rather  than  a 
chemical  imion  produces.  This  is  in  the  field  of  pharmacology. 
Several  recent  papers  have  appeared  dealing  with  pharmacological 
facts  as  if  they  involved  physical  adsorptions.  There  have  been  two 
papers  recently  by  van  Leeuwen  (74),  (75)  which  are  typical  of  the 
the  work  in  this  field.  The  facts  are  very  simple.  Something  in 
rabbit's  serum,  or  in  the  serum  of  some  rabbits,  neutralizes  the  action 
of  atropine  and  pilocarpine.  It  has  been  known  for  many,  many 
years,  that  rabbits  were  imusually  inunime  to  atropine.  Now  it  is 
found  that  it  is  possible  by  extracting  the  serum  with  alcohol  to  re- 
cover again  nearly  all  the  atropine  in  the  alcohol.  This  valuable 
observation  is  interpreted  to  mean  that  it  is  a  case  of  adsorption. 
Colloids,  those  magic  things,  have  magicked  the  atropine,  have  trans- 
lated it  so  that  it  was  for  a  time  quite  different  from  what  it  usually  is. 
The  authors  explain  the  fact  by  calling  it  a  case  of  adsorption.  That 
is  all  there  is  to  it.  Colloids  certainly  seem  to  have  magic  powers, 
but  I  believe  the  magic  is  exerted  not  on  the  drug  which  is  investigated, 
but  on  the  investigator.  Like  Bottom  he  is  translated.  In  the  case 
in  point  nothing  whatever  is  gained  by  calling  it  an  adsorption.  This 
gives  only  the  appearance  of  an  explanation.  The  serum  is  full  of 
colloids,  most  of  them  protein;  but  imfortunately  so  is  the  senun  of  all 
other  animals,  which  have  no  such  powers  of  neutralizing  the  atropine. 

PHYSIOLOGICAL  BBT1SW8,  VOL.  1,  NO.  4 


Digitized  by 


Google 


590  ALBERT  P.   MATHEWS 

Consequently  there  must  be  something  curious  about  the  colloids  of 
rabbit's  serum,  if  indeed  it  is  an  adsorption.  These  then  must  have  a 
specific  pecuUarity,  namely  that  of  a  specific  adsorption  for  atropine. 
This  should  content  anyone.  It  seems  to  content  colloid  chemists. 
It  leaves  us  exactly  as  wise  as  we  were  before.  And  a  similar  satis- 
faction in  labeling  some  process  an  adsorption  is  found  in  the  vast 
majority  of  the  papers  dealing  with  the  processes  of  adsorption.  One 
comes  back,  as  does  the  author,  from  an  excursion  into  this  field  filled 
with  pessimism.  If  this  is  indeed  science,  he  at  least,  wants  none  of  it. 
Physiological  applications  of  adsorption.  In  closing,  space 
only  permits  the  pointing  out  of  a  very  puzzling  physiological  phenome- 
non which  may  be  explained  in  a  satisfactory  manner  by  adsorption. 
I  refer  to  the  secretion  of  hydrochloric  acid  in  the  stomach.  How 
from  a  living  cell  hydrochloric  acid  as  strong  as  0.1  N  could  be  secreted 
has  always  been  a  puzzle.  The  idea  that  it  is  secreted  by  the  parietal 
cells  of  the  fundus  glands,  at  any  rate  in  the  form  of  acid,  although 
chlorides  may  be  formed  here,  was  disproved  by  the  observations  of 
Bensley  and  Harvey.  It  is  impossible  to  get  any  strong  acid  by  any 
of  the  chemical  decompositions  such  as  those  of  carbonic  acid,  lactic 
acid,  or  phosphoric  acid,  which  have  been  suggested.  It  is  impossible 
that  the  juice  could  be  formed  in  the  cell  itself,  for  in  order  that  it 
should  be  0.1  N  after  dilution  by  all  the  other  secretions  of  the  stomach, 
it  would  be  necessarj'^  to  have  the  parietal  cells  secreting  at  least  normal 
HCl,  that  which  would  be  an  absurdity.  Or  at  any  rate  a  greater 
miracle  than  what  we  are  attempting  to  explain.  It  was  suggested 
by  the  writer  that  in  reaUty  the  secretion  was  similar  to  the  formation 
of  acid  in  solutions  of  ammonium  chloride  by  various  moulds  (36), 
They  absorb  the  ammonia  and  leave  free  hydrochloric  acid  in  the 
medium.  If  the  limiting  cells  of  the  stomach  acted  similarly  this 
would  explain  the  formation  of  acid.  The  difficulty  was  to  understand 
the  process  of  absorption  of  the  ammonia.  This  may  be  understood 
as  follows,  as  first  suggested  I  believe,  by  Bechold.  (4).  If  manganese 
dioxide  hydrate  is  added  to  a  solution  of  potassium  sulphate,  the 
sulphate  becomes  decomposed.  The  potassium  is  adsorbed  by  the 
manganese  oxide  and  the  hydrogen  ion  of  the  colloid  becomes  free 
in  the  medium  so  that  free  sulphuric  acid  is  formed.  It  is  necessary  if 
this  is  to  happen  that  the  ionization  of  the  potassium  compoimd  should 
be  small.  Lloyd's  reagent  acts  similarly,  and  Lloyd  states  that  when 
an  alkaloid  is  precipitated  from  a  solution  of  its  salt  free  acid  remains 
in  the  solution.    SiUcic  acid  will  act  in  this  way.     If,  therefore,  the 
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outer  border  of  the  lining  cells  of  the  stomach  were  colloids  of  similar 
properties  to  these  inorganic  colloids,  they  might  decompose  in  this 
way  sodium  chloride  or  ammoniimi  chloride  leaving  hydrochloric 
acid  outside  the  cell.  The  main  difficulty  in  this  explanation  is  how 
the  sodimn  salt  is  regenerated  into  the  acid  colloid  which  is  required. 
Perhaps  carbon  dioxide  has  something  to  do  with  this.  At  any  rate 
this  makes  possible  a  partial  understanding  of  a  very  difficult  problem. 
Bancroft  suggests  that  the  adsorbent  is  not  in  reality  acid,  but  that 
the  salt  is  hydrolyzed  into  base  and  acid,  and  that  then  the  free  base, 
in  this  case  it  would  be  sodium  hydrate  or  anunoniimi  hydrate,  is 
adsorbed  by  the  colloid.  Why  it  is  adsorbed  is  not  explained.  It  is 
another  of  that  infinite  number  of  specific  adsorptions. 

SUMMARY 

1.  The  word  adsorption  means  only  that  there  occurs  at  the  boundary 
of  the  phases  of  a  heterogeneous  system  a  change  of  concentration  of 
some  substance  from  its  concentration  in  either  phase.  If  the  con- 
centration is  increased  in  the  boundary  it  is  positive  adsorption;  if 
diminished,  it  is  negative.  The  word  implies  nothing  as  to  the  nature 
of  the  forces  or  of  the  process  which  brings  this  change  of  concentration 
to  pass.  The  assimiption  that  it  means  a  physical  rather  than  a 
chemical  force  is  incorrect. 

2.  Modem  work  shows  that  this  change  of  concentration  is  pro- 
duced in  some  cases  by  cohesion,  in  others  by  surface  tension  changes, 
and  in  perhaps  the  vast  majority  of  cases  of  adsorption  of  substances 
from  solution,  it  is  due  to  chemical  forces. 

3.  The  attempt  to  bring  all  these  processes  under  one  head,  namely 
that  of  surface  tension,  has  failed  and  has  led  to  confusion. 

4.  Gases  are  adsorbed  on  solids  owing  to  the  intense  cohesive  fields 
of  the  soUds.  They  are  held  by  the  force  of  cohesion  and  there  is  a 
close  parallelism  between  the  quantity  of  cohesion  in  a  gas  or  vapor  and 
the  amount  adsorbed.  These  unions  are  then  physical.  The  speci- 
ficity of  these  adsorptions  is  due  to  the  varying  amounts  of  cohesion 
in  the  gases.  Solids  which  adsorb  best  are  those  of  the  greatest 
cohesion.  This  explains  a  large  part  of  the  specificity  of  the  adsorp- 
tion power  of  solids. 

5.  The  adsorption  of  carbon  monoxide  and  oxygen  by  hemoglobin 
is  not  due  to  cohesion  or  surface  tension,  but  to  chemical  forces. 

6.  The  forces  of  chemical  affinity  and  of  cohesion  dififer  in  various 
particulars  and  are  not  the  same.    Cohesion  varies  inversely  as  the 


Digitized  by 


Google 


592  ALBERT  P.  MATHEWS 

4th  power  of  the  distance;  chemical  attraction  probably  inversely  as 
the  square.  Cohesion  involves  both  gravitational  mass  and  chemical 
aflSnity,  the  amount  of  cohesion  in  a  molecule  being  proportional  to 
both  of  these  attractions.  Chemical  aflSnity  probably  varies  inversely 
as  the  atomic  weight  and  is  proportional  to  the  quotient  of  the  nimiber 
of  valences  divided  by  the  atomic  weight.  The  forces  of  cohesion  and 
chemical  attraction  are  not  therefore  identical  as  often  supposed. 

7.  The  quantity  of  cohesion  in  a  molecule  is  given  by  the  formula 

C  =  (m2  X  Val/Wt)V3 

in  which  C  is  the  quantity  of  cohesion  in  cohesional  units,  unit  quantity 
of  cohesion  being  that  amount  possessed  by  a  hypothetical  molecule 
weighing  one  gram  and  having  6.06  X  10^  chemical  combining  equiva- 
lents or  valences,  m,  is  the  gravitational  mass  in  grams;  Val  is  the 
nimiber  of  valences;  and  Wt  is  the  molecular  weight. 

8.  The  relation  of  cohesion  to  surface  tension  is  given  by  the  formula 

This  embodies  the  formula  of  Thomas  Young  and  expresses  also  the 
well  known  law  of  Ectvos,  with  the  value  of  the  constant  written  out. 
a,  is  van  der  Waals'  constant,  which  has  the  value  of  NHJ^K,  C  being 
the  amount  of  cohesion,  K  a  constant  and  N  the  nimiber  of  molecules 
in  the  mass  of  gas  for  which  a  is  determined. 

9.  The  fact  that  alcohol  or  ether  or  other  so  called  capillary  active 
substance  concentrates  in  the  film  between  liquid  and  air  does  not  per- 
mit the  conclusion  that  it  will  concentrate  in  the  film  between  solid 
and  liquid  or  between  liquid  and  liquid.  On  the  contrary  such  sub- 
stances will  avoid  the  film  between  solid  and  liquid,  and  substances 
like  sodiimi  chloride  will  collect  there,  but  only  to  a  veiy  slight  degree. 

10.  The  surface  tension  of  a  liquid  in  contact  with  a  solid  is  nearly 
always  negative.  It  is  for  this  reason  that  the  liquid  spreads  over 
the  solid.  The  siuface  tension  of  the  solid  in  contact  with  a  liquid  is 
much  lower  than  in  contact  with  air,  but  remains  positive.  When 
the  sum  of  the  negative  surface  tension  of  the  liquid  and  the  positive 
surface  tension  of  the  solid  becomes  negative  the  solid  dissolves  in  the 
liquid. 

11.  To  what  extent  the  distribution  of  substances  in  protoplasm  is 
controlled  by  the  action  of  the  substance  on  the  siuf  ace  tension  at  the 
boundary  of  different  phases  in  the  protoplasm  cannot  be  stated.  The 
most  that  can  be  said  is  that  such  an  influence  is  possible. 
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12.  It  is  probable  that  the  surface  membranes  of  all  cells  are  pro- 
duced in  part  at  least  by  this  process  of  secretion  from  a  solution  upon 
its  surface  of  substances  which  lower  the  surface  tension  of  the  inter- 
face and  are  sufficiently  insoluble.  It  cannot  yet  be  said  however 
that  there  is  any  proof  that  this  is  the  case  since  the  relations  between 
protoplasm  and  the  surroimding  liquid  in  which  it  is  placed  are  so 
complex  that  an  analysis  cannot  yet  be  made.  However  the  quick 
coating  over  of  the  surfaces  of  the  amoeba's  pseudopodia,  looks  as  if 
such  a  process  occurred. 

13.  The  adsorption  of  non  electrolytes  from  solution  by  solids  is 
probably  due  to  cohesion. 

14.  The  adsorption  of  most  other  substances  from  solution  including 
acids,  bases,  ions,  salts,  dyes,  etc.  is  due  to  chemical  forces,  the  ad- 
sorbed substance  forming  a  true  chemical  union  with  the  surface 
molecules  of  the  soUd.  It  is  for  this  reason  that  only  basic  dyes  are 
adsorbed  by  acid  adsorbents  and  only  acid  dyes  by  basic  adsorbents. 
The  process  of  dyeing  is  a  process  of  adsorption,  but  it  is  also  a  pro- 
cess of  chemical  adsorption,  and  can  be  best  understood  on  the  latter 
basis.  The  specificity  of  the  adsorption  depending  on  the  chemical 
nature  of  both  adsorbent  and  adsorbed  substance  is  thus  explained. 
The  fact  that  exact  equivalent  proportions  of  constituents  are  not 
foimd  on  analysis,  does  not  show  that  the  forces  are  physical  and 
not  chemical.    It  shows  only  that  the  substance  anal3rsed  is  a  mixture. 

15.  It  is  not  possible  to  conclude  from  the  isotherm  of  adsorption 
that  the  process  is  chemical  or  physical.  The  isotherm  shows  only  that 
one  is  dealing  with  an  easily  dissociated  compoimd  in  a  moving 
equilibriimi.  Both  chemical  and  physical  dissociable  compounds 
follow  the  same  isotherm. 

16.  The  colloids  get  their  charges  not  by  adsorbing  ions  as  is  customar- 
ily said,  but  by  chemical  additions  and  subsequent  ionization  of  the 
compound.  The  current  explanation  that  proteins  become  positive 
in  acid  solutions  because  they  adsorb  hydrogen  ions,  these  being  easy 
to  adsorb,  is  ambiguous,  and  essentially  untrue. 

17.  An  explanation  of  the  formation  of  hydrochloric  acid  in  the 
stomach  is  given  on  the  basis  of  adsorption. 

18.  It  would  seem  wholly  superfluous  to  point  out,  were  it  not  that 
the  contrary  assertion  is  constantly  encountered  in  papers  on  adsorp- 
tion, that  when  a  solution  of  a  compound  is  shaken  with  a  non-miscible 
solvent  in  which  one  component  of  the  compound  is  soluble,  but  the 
other  is  insoluble,  and  it  is  observed  that  one  of  the  constituents  of  the 


Digitized  by 


Google 


594  ALBEBT  P.  MATHEWB 

compMDund  can  be  separated  in  the  solvent,  so  that  the  compound  is 
broken  up,  this  fact  throws  no  Ught  at  all  on  the  nature  of  the  forces 
holding  together  the  constituents  of  the  compound  in  the  original 
solution.  It  is  wholly  incorrect  to  infer  from  this  that  the  compound  is 
not  chemical,  for  many  chemical  compounds  are  known  which  can  be 
decomposed  in  this  way.  It  is  wholly  incorrect  to  infer  that  one  is  deal- 
ing with  an  adsorption  compound,  for  the  constituents  may  neither 
one  of  them  be  colloidal.  All  that  this  experience  shows  is  that  the 
compound  is  dissociable,  that  it  exists  in  equiUbrium  with  the  products 
of  its  dissociation,  and  if  one  of  these  elements  is  constantly  removed 
by  the  nonmiscible  solvent,  eventually  the  whole  of  the  compound  will 
be  reduced  to  its  constituent  parts. 

19.  The  word  adsorption  is  useful  in  one  respect.  It  enables  us  to 
speak  of  agglomerations  or  compoimds  or  mixtures  without  committing 
ourselves  to  any  conclusion  whether  these  are  physical  mixtures  or 
chemical  compounds.  But  we  must  always  remember  that  when  we 
have  called  a  thing  an  adsorption  complex,  we  have  confessed  our 
ignorance  of  any  imderstanding  of  the  process,  rather  than  attained 
any  idea  as  to  its  nature.  The  next  necessary  step  must  be  always, 
as  it  has  been  in  the  past,  the  isolation  of  the  compound  concerned  in 
its  chemically  pure  form.  It  is  only  when  this  has  been  done,  that  a 
real  step  forward  has  been  taken.  The  attempt  to  explain  the  action 
of  drugs  or  physiological  mechanisms  by  calling  them  *  adsorptions' 
is  a  step  backward,  except  in  so  far  as  this  word  signifies  that  the  drug 
or  protoplasmic  substance  has  entered  into  a  dissociable  union  in 
equilibrium  with  its  constituents. 
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THE  VITAMINS 

H.  C.  SHERMAN 
Columbia  University,  New  York 

The  literature  of  the  vitamins  has  grown  to  such  proportions  that 
in  order  to  write  a  phjrsiological  review  within  the  available  space  it 
seems  best  to  confine  the  discussion  chiefly  to  such  of  the  work  upon 
vitamins  as  is  of  present  importance  to  normal  physiology.  This  will 
mean  that  Uttle  attention  can  here  be  given  to  the  historical  devel- 
opment of  the  subject,  to  its  strictly  pathological  aspects,  or  to  the 
somewhat  extended  though  as  yet  inconclusive  investigations  which 
have  been  directed  to  the  study  of  the  chemical  isolation  of  the  vitamins. 
Some  references  to  these  phases  are  included  in  the  appended  bibli- 
ography. 

To  Hopkins  we  owe  the  first  clear  statement  (102)  backed  by  con- 
vincing experimental  evidence  (103)  that  normal  nutrition  reqiiires 
food  sustances  other  than  those  comprised  among  the  proteins,  fats, 
carbohydrates,  and  the  compounds  of  the  mineral  elements.  Through 
the  work  of  Osborne  and  Mendel,  McCoUimi  and  Davis,  Hoist  and 
Frohlich,  Hess  and  others  it  was  estabUshed  that  there  are  at  least 
three  of  the  essential  "accessory  substances''  whose  existence  Hopkins 
had  demonstrated.  Meantime  the  term  vitamine,  introduced  by  Funk 
(68)  in  connection  with  his  study  of  experimental  beriberi  was  becoming 
current  as  a  general  designation  for  these  previously  imknown  food 
constituents.  Because  of  certain  objections  to  this  term,  McCollum 
proposed  the  names  "fat-soluble  A"  and  "water-soluble  B"  as  tempo- 
rary designations  for  two  of  these  substances  to  which  "water-soluble 
C"  was  soon  added.  In  order  to  simplify  the  situation  Drummond  has 
proposed  (36)  a  terminology  in  which  the  word  vitamin  (the  final  e 
being  omitted  lo  avoid  the  impUcation  that  the  substance  is  necessarily 
a  nitrogenous  base)  is  retained  as  a  group  designation  and  the  letters 
as  a  means  of  distinguishing  the  recognized  members  of  the  group 
imtil  such  time  as  chemical  names  may  be  justified.  Following  this 
suggestion,  the  three  substances  will  be  known  as  vitamins  A,  B,  and 
C  in  this  review.  In  the  following  pages  each  of  these  three  vitamins 
will  be  considered  in  turn. 
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VITAMIN  A 

As  early  as  1881,  Voit  pointed  out  (211)  the  desirability  of  feeding 
experiments  with  mixtures  of  known  substances  rather  than  with  the 
•unknown  mixtures  which  constitute  our  ordinary  natural  articles  of 
food.  Simultaneously  Limin  (117)  reported  feeding  experiments 
with  mice  designed  to  study  the  nutritive  significance  of  the  inorganic 
constituents  of  food.  Failing  to  obtain  with  any  of  his  known  mixtures 
results  comparable  with  those  shown  by  animals  fed  upon  milk,  he  con- 
cluded that  the  latter  must  contain  some  unknown  substance  of  impor- 
tance in  nutrition;  but  this  suggestion,  offered  somewhat  incidentally 
and  without  convincing  evidence,  can  hardly  be  regarded  as  constituting 
a  discovery  of  the  existence  of  such  unknown  food  substances  or 
of  their  indispensabiUty  in  normal  nutrition. 

This  discovery  was  annoimced  in  1906  (102)  by  Hopkins,  who, 
however  did  not  publish  his  evidence  until  1912  (103). 

Hopkins  foimd  that  young  rats  on  diets  of  purified  proteins,  fats, 
carbohydrates  and  salts  soon  showed  nutritive  failure,  whereas  the 
addition  of  milk,  fresh  or  dry,  or  of  the  alcohol-soluble  substances 
of  milk  to  such  a  food  mixture  rendered  it  adequate  for  normal  nutrition 
and  growth.  Stepp  in  1909  also  showed  (200)  that  some  unknown 
alcohol-soluble  material  is  essential  to  nutrition.  Osborne  and  Mendel 
in  1911  (152)  confirmed  Hopkins*  finding  and  extended  it  by  feeding 
experiments  with  "protein-free  milk"  and  in  1^13  McCoUum  and 
Davis  (127)  and  Osborne  and  Mendel  (153)  independently  found  that 
with  rations  otherwise  satisfactory  yoimg  rats  would  grow  or  fail  to 
grow  according  as  the  fat  in  the  food  mixture  were  butter  fat  or  lard — 
evidence  of  the  presence  of  a  fat-soluble,  growth-promoting  substance 
in  milk  and  butter  fat  which  in  lard  is  either  absent  or  present  only 
in  much  smaller  amounts.  In  another  paper  published  later  in  the 
same  year,  Osborne  and  Mendel  (154)  pointed  out  that  aninaals  suffer- 
ing for  lack  of  this  fat-soluble  substance  (vitamin  A)  become  subject 
to  an  eye  disease  which  has  since  been  widely  discussed  in  connection 
with  this  dietary  deficiency  under  the  names  of  ophthalmia,  xeroph- 
thalmia, keratomalacia,  and  conjimctivitis. 

Effects  of  a  lack  of  vitamin  A .  In  the  case  of  each  of  the  three  vitamins 
now  recognized,  the  characterization  of  the  substance,  and  in  fact  the 
belief  in  its  actual  existence,  depends  chiefly  upon  the  physiological 
disturbances  observed  to  follow  the  use  of  a  diet  deficient  with  respect 
tothe  vitamin  in  question.    When  a  diet  lacking  vitamin  Abut  adequate 
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in  all  other  respects  is  given  to  a  young  growing  rat,  growth  eontinuee 
for  a  shorter  or  longer  time,  probably  because  of  stores  of  this  vitamin 
which  the  body  already  possessed,  after  which  growth  ceases  and,  if 
the  diet  is  entirely  devoid  of  the  vitamin,  there  usually  sets  in  a  loss  of 
body  weight  and  a  condition  of  general  decline  leading  to  death. 
Sometimes,  perhaps  because  the  experimental  diet  contains  unrecog- 
nized small  amounts  of  vitamin  A,  the  body  weight  remains  nearly 
constant  and  the  animal  apparently  in  health  for  some  time  after  growth 
has  ceased.  By  the  time  the  body's  reserves  of  vitamin  A  have  been 
exhausted  and  growth  ceases  the  animal  shows  increased  susceptibility 
to  bacterial  infection,  and  this  lowered  resistance  results  in  a  large 
proportion  of  the  experimental  animals  developing  the  characteristic 
disease  of  the  eye.  This  usually  begins  with  a  swelling  of  the  lids  of 
one  or  both  eyes  or  with  indications  that  the  eye  is  becoming  xmduly 
sensitive  to  light.  Following  this  there  commonly  develops  an  inflamed 
and  catarrhal  condition  of  the  conjimctivae,  with  a  bloody  or  purulent 
discharge,  the  lids  becoming  scabby  or  sticky.  This,  with  the  swelling 
of  the  lids  and  the  sensitiveness  to  Ught,  sometimes  results  in  the  eye 
being  found  completely  closed.  K  the  eye  condition  is  not  treated  and 
the  animal  continues  to  live,  the  cornea  may  become  afifected  and  blind- 
ness result.  The  typical  condition  undoubtedly  involves  infection 
and,  according  to  Bulley  (8),  may  be  prevented  by  careful  treatment  with 
antiseptics,  though  Osborne  and  Mendel  found  that  their  cases  were 
not  cured  by  such  treatment  (172).  Since  eye  trouble  resulting  from 
lack  of  the  A  vitamin  involves  infection,  it  is  not  purely  a  deficiency 
disease,  yet  it  is  essentially  such  inasmuch  as  the  dietary  deficiency 
enormously  increases  the  susceptibility  of  the  animal  to  the  infection, 
and  thus  practically  determines  whether  or  not  the  disease  will  occur. 
It  is  also  very  significant  that  without  any  local  treatment  whatever 
the  eye  disease,  if  not  too  far  advanced,  usually  .disappears  quickly 
upon  feeding  the  animal  with  any  food  containing  an  adequate  amount 
of  vitamin  A.  Thus  Osborne  and  Mendel  stated  as  early  as  1913  (153, 
154)  that  "Another  type  of  nutritive  deficiency  exemplified  in  a  form 
of  infectious  eye  disease  prevalent  in  animals  inappropriately  fed  is 
speedily  alleviated  by  the  introduction  of  butter  fat  into  the  experimen- 
tal rations,"  and  in  1914  (155)  they  reported  "imiform  success  by  sub- 
stituting cod  liver  oil  for  a  portion  of  the  lard  in  our  standard  diets. 
.  .  .  .  Not  only  was  growth  resumed  in  most  cases  at  a  very  rapid 
rate,  but  all  evidence  of  malnutrition,  especially  the  affection  of  the  eyes, 
promptly  disappeared. "    Similar  cures  were  also  observed  by  Osborne 
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and  Mendel  in  the  following  and  subsequent  years  and  have  since  been 
reported  by  many  other  investigators  whose  work  is  reviewed  by  Osborne 
and  Mendel  in  their  recent  paper  on  ophthalmia  and  diet  (172).  As 
the  animals  approach  maturity  their  requirement  for  vitamin  A  becomes 
relatively  less  as  indicated  by  the  fact  that  they  can  remain  in  health 
for  a  longer  time  upon  a  diet  deficient  in  this  respect.  In  how  far 
this  means  a  real  diminution  in  the  vitamin  A  requirement  and  in  how 
far  it  implies  that  the  older  and  larger  animal,  if  he  has  previously  been 
well  fed,  has  a  larger  store  upon  which  to  draw  in  such  emergencies  is 
not  yet  clear.  The  solution  of  the  question  is  complicated  by  the  fact 
that  our  usual  criteria  become  less  serviceable  as  the  young  animal  ap- 
proaches maturity  since  growth  has  now  nearly  ceased  and  it  is  reasonable 
to  suppose  that  the  conjunctival  tissue  will  be  less  sensitive  in  an  animal 
which  has  made  a  normal  growth  and  development  than  in  the  yoimg, 
growing  individual.  Full-grown  rats  when  placed  upon  diets  lacking 
the  A  vitamin  are  less  likely  to  develop  the  characteristic  eye  trouble, 
but  if  the  experiment  is  sufficiently  prolonged  eye  trouble  appears  in 
a  considerable  proportion  of  cases  (35),  (62),  (131),  (154),  (172),  (198), 
(199),  (212). 

The  relation  of  the  eye  disease  to  this  dietary  deficiency  has  been 
experimentally  demonstrated  in  other  species  as  well  as  rats  (78), 
(161)  and  special  interest  attaches  to  the  question  as  to  whether  the 
use  of  dietaries  poor  in  the  A  vitamin  may  be  a  factor  in  the  suscepti- 
bility to  eye  trouble  in  man.  McCoUum  (125)  writes:  "There  are 
several  instances  of  the  occurrence  of  conditions  described  in  the  lit- 
erature as  xerophthalmia,  which  seem  to  be  beyond  question  cases 
in  which  the  disease  has  occurred  in  man  as  the  result  of  specific  star- 
vation for  the  dietary  essential,  fat-soluble  A.'  ^  The  reports  here  referred 
to  are  those  of  Mori  (147)  in  Japan,  whose  cases  of  xerophthalmia 
occurring  among  children  at  a  time  of  food  shortage  could  be  cured 
by  feeding  chicken  Uvers  (Uver  being  rich  in  vitamin  A)  and  those 
of  Bloch  (6),  whose  cases  among  the  children  of  the  Danish  poor  also 
responded  to  the  feeding  of  foods  rich  in  the  A  vitamin.  Wells  (215) 
found  in  Roimiania,  and  Dalyell  (107)  in  Vienna,  cases  of  children 
suffering  from  eye  trouble  which  was  cured  by  cod-Uver  oil  and  presum- 
ably arose  from  a  deficiency  of  vitamin  A  in  their  food.  And  recently 
McCollimi,  Simmonds  and  Parsons  (137)  have  attributed  "night  blind- 
ness,'' an  eye  trouble  of  frequent  occurrence  in  northern  regions,  to 
the  use  of  diets  poor  in  this  vitamin.  The  xerophthalmia  observed 
by  Bloch  (6)  among  Danish  children  was  regarded  as  one  phase  of  their 
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condition  of  malnutrition.  The  eye  disease  appears  to  have  been 
quite  definitely  related  to  deficiency  of  vitamin  A  in  the  diet  since  it 
was  cured  by  feeding  with  whole  milk  or  with  cod-liver  oil,  and  in  1918 
the  disease  nearly  disappeared  from  the  community  coincidently  with 
the  general  introduction,  by  government  action,  of  butter  into  the  dietary 
of  the  poorer  people.  Seasonal  variation  of  the  incidence  of  the  disease 
was  studied  and  it  was  f  oimd  to  be  most  prevalent  in  the  season  of  most 
rapid  growth.  As  xeropthalmia  is  caused  by  the  absence  of  something 
essential  to  grawth,  it  is  clear  that  the  disease  will  predominate  during 
that  part  of  the  year  when  the  organism  consmnes  the  largest  quantity 
of  vitamin  for  its  growth.  Bloch  also  suggested  that  vitamin  A  may 
be  necessary  for  the  formation  of  antibodies  against  infection  and  may 
be  continually  used  up  in  this  process  as  in  growth. 

That  lack  of  vitamin  A  may  lead  to  weakness  or  abnormality  of  other 
tissues  as  well  as  those  of  the  eye  has  been  shown  by  the  work  of  several 
investigators.  Osborne  and  Mendel  (172)  refer  to  diarrhea  and  dimin- 
ished appetite  as  frequently  resulting  from  this  lack;  and  they  have 
definitely  correlated  it  with  the  occurrence  of  phosphatic  renal  calculi 
among  their  experimental  animals  (160).  McCoUmn  and  Davis  (127), 
(128)  and  also  Drmnmond  (35)  report  increased  susceptibiUty  to  in- 
fections including  limg  disease.  Steenbock,  Sell  and  Buell  (197)  con- 
firm this  and  suggest  that  the  failure  to  develop  the  characteristic  eye 
disease  in  some  cases  may  be  due  to  a  certain  immunity  acquired  through 
the  pulmonary  infection.  These  authors  also  refer  to  abnormal  cuta- 
neous conditions  involving  the  tail,  ears,  nose,  and  sometimes  the 
feet  and  fur. 

With  so  much  laboratory  evidence  of  widespread  weakening  of  the 
body  tissues  through  lack  of  the  A  vitamin,  it  is  not  surprising  that 
different  writers  find  reason  to  correlate  a  deficiency  of  dietary  supply 
of  this  essential  with  an  increased  susceptibiUty  to  such  diverse  dis- 
eases as  rickets,  pellagra,  and  tuberculosis.  Space  does  not  suffice 
for  a  discussion  of  these  problems  in  the  present  review,  but  refer- 
ences are  included  in  the  appended  bibliography  (35),  (37),  (70),  (91), 
(92),  (97),  (106),  (126),  (136),  (138),  (144),  (145),  (178),  (179),  (185), 
(187),  (188),  (198). 

Distribution  of  vitamin  A  in  the  body  and  in  foods.  McCollum  and 
Davis  in  1913  originally  reported  this  substance  present  in  butter  fat 
and  the  fat  of  the  egg  yolk  but  not  in  lard  or  oUve  oil  (127).  Osborne 
and  Mendel  obtained  sunilar  results  in  the  same  year  (153),  (154) 
and  in  1914  reported  cod  Hver  oil  as  rich  in  this  property  while 
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almond  oil  did  not  show  it  (155).  Later  they  showed  it  to  be  present 
in  considerable  amounts  in  beef  fat,  especially  in  its  softer  fractions 
''oleo  oil;''  also  that  green  leaves  such  as  spinach  and  alfalfa  leaves 
contain  this  "fat  soluble"  vitamin  in  abimdance  although  they  contain 
hardly  any  fat.  It  has  been  shown  both  by  Osborne  and  Mendel  and 
by  McCoUum  and  his  associates  that  ordinary  muscles  contain  but 
very  little  of  this  vitaniin,  heart  muscle  somewhat  more,  while  liver 
and  kidney  are  much  richer  in  it.  In  the  plant  organism  the  thin  green 
leaf  is  the  part  richest  in  vitamin  A;  next  growing  stems  or  shoots  and 
the  embryo  of  the  seed;  whilst  the  seed  endosperm  and  the  other  storage 
organs  of  the  plant  such  as  thick  roots  and  tubers  are  relatively  poor  in 
vitamin  A.  McCoUum  classifies  milk  and  leaf  vegetables  as  "pro- 
tective foods''  because  of  their  richness  in  this  vitamin  and  in  calcium. 
It  is  important  to  note  that  milk  contains  much  more  of  this  vitamin 
than  corresponds  to  its  butter  fat  content.  According  to  McCoUum, 
in  a  given  voliune  of  ordinary  whole  milk  the  "fatnsoluble"  vitamin 
present  is  about  equally  divided  between  the  fat  globules  and  the 
aqueous  portion.  Hence  skimmed  milk  is  about  half  as  rich  in  this 
vitamin  as  is  whole  milk.  Sherman,  MacLeod  and  Kramer  (184)  have 
recently  confirmed  this  finding  of  McCollum,  which  unfortimately  had 
been  lost  sight  of  by  some  investigators  in  the  planning  of  diets  which 
were  intended  to  be  practically  devoid  of  this  vitamin. 

Recent  work  of  Daniels  and  Loughlin  (26)  and  of  Drummond  and 
Coward  (39),  (42)  appears  to  show  that  lard  and  probably  other  com- 
mercial forms  of  fat  supposed  to  be  devoid  of  vitamin  A  are  not  en- 
tirely so  and  that  in  the  case  of  lard  the  vitamin  content  may  vary 
according  to  the  nature  of  the  food  consumed  by  the  animal  while 
fattening. 

Partly  because  of  the  doubt  as  to  whether  all  of  the  materials  which 
have  entered  into  basal  rations  supposed  to  be  free  from  vitamin  A 
were  in  fact  entirely  devoid  of  this  essential,  and  partly  because  the 
capacity  of  the  animal  body  to  store  this  vitamin  must  mean  that 
experimental  animals  will  contain  variable  and  sometimes  considerable 
amounts  of  it  in  storage  when  placed  upon  experimental  diet,  the  in- 
terpretation of  experiments  designed  to  determine  the  relative  amounts 
of  vitamin  A  in  different  foods  has  heretofore  been  veiy  diflScult  and  it 
is  doubtful  if  many  of  the  estimates  yet  available  can  be  regarded  as 
entirely  satisfactory.  General  impressions  of  the  relative  richness  of 
different  foods  in  each  of  the  three  vitamins  may  be  obtained  from  the 
tables  published  by  the  British  Committee  (106). 
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Physical  and  chemical  properties.  According  to  McCollum  (139) 
this  vitamin,  while  fat-soluble  as  obtained  from  animal  sources,  is  not 
removed  with  the  fat  of  vegetable  tissues.  To  explain  this  he  suggested 
that  it  might  occur  in  plants  in  the  form  of  some  compound  not  readily 
soluble  in  fat  and  might  become  fat-soluble  when  digested  by  the  ani- 
mal and  thereafter  remain  fat-soluble  in  the  animal  body  and  in  the 
material  separated  therein  for  the  nourishment  of  the  young — milk  and 
eggs.  Experiments  upon  the  extraction  of  this  vitamin  from  different 
materials  by  various  solvents  do  not  seem  to  have  yielded  very  con- 
cordant results.  In  general  vitamin  A  appears  to  show  such  solubilities 
as  would  place  it  in  the  group  of  "Upoid"  substances.  Drummond  (35) 
states  that  it  is  not  identical  with  any  of  the  known  Upoids  or  fat  constit- 
uents. Steenbock  and  his  coworkers  have  shown  that  natural  food 
materials  rich  in  yellow  pigment  usually  also  show  relatively  high 
value  as  sources  of  vitamin  A  (190),  (191),  (195),  (196),  (197).  While 
the  correlation  is  not  constant  (39),  (175),  (176),  (198),  yet  it  seems 
rather  more  than  accidental  and  suggests  the  possibility  of  some 
relationship  between  vitamin  A  and  the  natural  yellow  pigments, 
particularly  carotin.  From  its  apparent  resistance  to  saponification, 
Steenbock,  Sell  and  Buell  (198)  hold  that  it  is  not  a  fat  and  probably 
not  an  ester.  They  therefore  conclude  as  had  Osborne  and  Mendel 
previously  (170)  that  it  should  be  possible  as  a  means  of  further  in- 
vestigation to  prepare  fat-free  rations  for  studies  of  this  vitamin. 
Vitamin  A  appears  to  be  readily  destroyed  when  subjected  to  oxidation, 
as  by  vigorous  aeration  at  high  temperature  or  by  treatment  with 
ozone  (40),  (105),  (227).  As  regards  its  stability  toward  simple  heating 
the  evidence  appears  somewhat  conflicting  (35),  (157),  (184),  (192), 
(194),  probably  because  neither- the  conditions  of  heating  the  material 
to  be  tested  nor  of  testing  the  effects  of  such  heating  by  subsequent 
feeding  experiments  have  been  well  standardized.  It  is  certain  that 
under  ordinary  conditions  this  vitamin  is  not  very  rapidly  destroyed 
at  temperatures  near  100°C.  Such  destruction  as  will  ordinarily 
occur  in  from  one  to  six  hours  at  this  temperature  will  probably  be 
apparent  in  a  feeding  experiment  so  arranged  as  to  bring  the  initial 
supply  of  vitamin  A  very  close  to  the  minimum  requirement,  but  not 
otherwise.  In  general,  foods  which  contain  this  vitamin  in  abundance 
at  the  beginning  will  still  be  good  sources  of  it  after  having  been  subjected 
to  such  heat  treatments  as  are  involved  in  cooking,  canning,  or  drymg 
(see  McCollum,  The  Newer  Knowledge  of  NiUriHon,  1918,  pp.  136-137). 
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Effect  of  a  lack  of  the  B  vitamin.  On  diets  otherwise  adequate  but 
lacking  the  B  vitamin  young  animals  (rats)  cease  to  grow,  usually 
more  promptly  than  on  diets  lacking  vitamin  A,  and  if  continued 
on  the  diet  lacking  vitamin  B  they  lose  weight  and  develop  a  con- 
dition of  general  weakness  with  more  or  less  distinct  polyneuritis.  It 
is  generally  believed  that  the  growth-promoting  substance  whose 
presence  in  milk  was  demonstrated  by  Hopkins  and  by  Osborne  and 
Mendel  and  to  which  McCollum  gave  the  name  "water-soluble  B" 
is  identical  with  the  antineuritic  substance  to  which  Funk  gave  the 
name  "vitamine"  in  1912.  Eijkmann  in  1897  (57)  had  reported  that 
the  lack  of  such  a  substance  in  the  diet  is  the  cause  of  beriberi  in  man 
and  polyneuritis  in  fowls,  and  in  1906  (58)  he  had  discussed  it  further 
imder  the  title  "nutritional  polyneuritis/'  but  it  was  not  until  the 
work  of  Hopkins,  Osborne  and  Mendel,  Funk  and  McCollum  had 
furnished  the  basis  for  a  broader  conception  of  the  r61e  of  such  substances 
in  nutrition  that  the  true  significance  of  Eijkmann's  results  could  be 
appreciated. 

On  the  assumption  that  water-soluble  B  and  antineuritic  vitamin 
are  the  same,  the  symptoms  of  beriberi  and  experimental  beriberi  might 
be  described  as  consequences  of  a  lack  of  this  vitamin.  For  a  full 
account  of  such  symptoms  see  Vedder's  Beriberi  (208)  and  Funk's 
Die  Vitamine  (70).  More  recently  this  subject  has  been  carefully 
reinvestigated  by  McCarrison  (120),  (121).  He  finds  little  difference 
between  pigeons  deprived  of  the  B  vitamin  only  and  those  deprived  of 
all  three  vitamins.  As  the  result  of  vitamin  starvation  a  slowing  of 
metaboUc  changes  generally  and  a  fall  in  body  termperature  were  noted. 
The  processes  of  digestion  also  were  greatly  impaired  and  the  intestine 
was  injured.  The  adrenals  were  enlarged  but  other  organs  lost  weight 
— the  thymus  most,  and  then,  in  order,  testes,  spleen,  ovary,  pancreas, 
heart,  Uver,  kidneys,  stomach,  thyroid  and  brain.  McCarrison  also 
reports  an  increased  susceptibiUty  to  miscellaneous  infections  as  a 
restilt  of  diets  deficient  in  vitamin  B.  His  observations  of  marked 
atrophy  of  testes  and  ovaries  is  in  line  with  Drummond's  obser- 
vation (32)  that  steriHty  followed  quickly  in  a  male  rat  deprived 
of  the  B  vitamin;  and  with  the  reported  tendency  to  amenorrhea 
among  beriberi  women  (7).  In  general  the  changes  found  by 
McCarrison  to  result  from  a  lack  of  the  B  vitamin  were  fairly  similar  for 
birds  and  mammals.    Among  the  symptoms  which  he  observed  in 
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his  monkeys  were:  progressive  anemia,  loss  of  appetite,  diarrhea,  head- 
ache, subnormal  temperature,  enfeebled  heart  action,  and  (usually 
late  in  the  sequence  of  symptoms)  distinct  neuritis.  McCarrison 
believes  that  his  findings  "may  afford  some  explanation  of  the  genesis 
of  that  great  mass  of  ill-defined  gastro-intestinal  disorders  and  vague 
ill  health  which  forms  so  high  a  proportion  of  hiunan  ailments  at  the 
present  day." 

Osborne  and  Mendel,  and  more  recently  Karr  in  Mendel's  laboratory, 
have  repeatedly  demonstrated  the  marked  influence  of  the  B  vitamin 
upon  the  appetite  (113). 

DetecHon  and  measurement  of  vitamin  B.  Before  attempting  to 
discuss  the  distribution  of  this  vitamin  in  the  body  and  in  foods,  it 
seems  necessary  to  consider  briefly  the  methods  and  criteria  for  deter- 
mining its  presence  and  relative  amounts. 

Foods  are  tested  for  antineuritic  vitamin  by  determining  whether 
they  have  the  power  to  prevent  or  cure  polyneuritis  in  pigeons  or  fowls 
and  if  so  the  relative  amounts  necessary  to  exhibit  the  same  anti- 
neuritic effect  (106). 

For  the  water-soluble,  growth-promoting  vitamin  the  usual  test 
consists  in  making  the  food  under  examination  the  sole  source  of  this 
vitamin  in  a  diet  otherwise  adequate  and  finding  the  amount  or  pro- 
portion necessary  to  induce  normal  growth  in  a  young  rat  (165),  (166). 

A  third  method  consists  in  noting  the  effect  of  the  material  supposed 
to  contain  the  B  vitamin  upon  the  growth  of  yeast  as  measured  in  one 
of  several  ways  (2),  (54),  (55),  (64),  (67),  (71),  (111),  (118),  (119), 
(150),  (189),  (205). 

As  yet  it  can  hardly  be  said  to  have  been  fully  demonstrated  that 
all  three  of  these  methods  or  in  fact  any  two  of  them  necessarily  measure 
the  same  thing. 

McCoUmn  has  consistently  advocated  the  view  that  the  antinexuitic 
vitamin  and  the  growth-promoting  "water  soluble  B"  are  the  same 
substance.  This  view  has  been  generally  accepted  and  is  tacitly 
assumed  in  the  adoption  of  the  term  vitamin  B  to  cover  both. 
It  has,  however,  been  seriously  questioned  by  Mitchell  (146)  and  by 
Enunett  and  his  coworkers  (63),  (64).  Obviously  it  is  only  on  the 
assumption  that  these  substances  are  identical  that  we  can  accept  both 
the  experiments  upon  polyneuritis  in  pigeons  and  upon  growth  in 
rats  as  being  measures  of  the  B  vitamin. 

Similarly  the  method  of  testing  for  this  vitamin  by  measuring  in 
some  way  the  accelerated  growth  of  yeast  is  enthusiastically  adopted 
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by  some  investigators  as  serving  the  same  purpose  as  the  rat  growth 
experiments  and  in  a  quicker,  more  economical  and  more  readily  con- 
trollable way,  while  other  workers  question  whether  the  growth-pro- 
moting substance  is  necessarily  the  same  in  the  two  cases,  and  if  so 
whether  the  culture  media  used  for  the  yeast  are  so  perfect  in  all  other 
respects  as  to  make  it  a  safe  assumption  that  increased  yeast  growth 
may  be  attributed  solely  to  the  vitamin. 

Occurrence  of  vitamin  B  in  the  body  and  in  foods.  Since  the  values 
attributed  to  different  organs  and  foods  as  sources  of  vitamin  B  have 
been  determined  in  many  cases  by  different  methods,  which  as  above 
seen  may  or  may  not  yield  properly  comparable  results,  only  such 
statements  will  be  made  here  as  seem  to  be  reasonably  established, 
whatever  view  be  taken  of  the  above  questions  regarding  methods  of 
testing. 

The  animal  body  appears  to  carry  no  large  store  of  this  vitamin. 
The  glandular  organs,  and  eggs  and  milk,  are  relatively  richer  in  it 
than  are  the  muscles.  Heart  muscle  contains  more  than  the  skeletal 
muscles  (ordinary  muscle  meats),  which  are  distinctly  poor  in  vitamin 
B  (136),  (159). 

In  plants  on  the  other  hand,  as  Osborne  and  Mendel  have  shown, 
vitamin  B  appears  in  relative  abundance  in  all  the  chief  organs — 
leaves,  stems,  roots,  tubers,  seeds  and  fruits — (164),  (165),  (166),  (169). 

In  a  series  of  rat  growth  experiments  by  Osborne  and  Mendel  (164), 
(165),  (166),  dried  yeast  appeared  richest  of  the  materials  tested,  dried 
spinach  was  about  one-fourth  as  rich  as  the  yeast,  and  whole  wheat, 
dried  eggs  or  dried  milk  was  about  half  as  rich  as  the  dried  spinach. 
Hopkins  (103),  (105)  finds  milk  a  relatively  richer  source  of  vitamin 
B  than  do  Osborne  and  Mendel  (167). 

Physical  and  chemical  properties.  Vitamin  B  is  readily  soluble  in 
water  and  in  alcohol  moderately  diluted  with  water.  It  is  less  readily 
soluble  in  alcohol  stronger  than  70  per  cent  but  can  be  extracted  by 
stronger  alcohol  when  used  hot.  It  is  more  stable  in  acid  than  in 
alkaline  solutions.  Only  a  few  quantitative  experiments  upon  its 
rate  of  destruction  at  different  temperatures  and  under  different  con- 
ditions appear  to  have  been  attempted.  In  one  of  these  Chick  and 
Hume  (16)  foimd  that  wheat  germ  heated  two  hours  at  100°  lost  little 
of  its  B  vitamin,  while  about  one-half  appeared  to  be  lost  in  40  minutes 
at  113°  and  up  to  nine-tenths  in  two  hours  at  118°  to  124°.  These 
results  would  suggest  that  little  heat  destruction  would  occur  in  ordinary 
cooking  but  that  in  commercial  canning  and  sterilizing  the  losses  might 
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be  more  serious.  In  any  case  a  considerable  part  of  the  vitamin  of  the 
food  may  be  lost  by  extraction  if  the  cooking  water  is  rejected. 

Partly  from  its  solubilities  and  its  greater  stability  in  acid  than  in 
alkaline  solutions,  and  partly  from  the  results  of  attempts  at  isolation 
published  by  Chamberlain,  Vedder  and  Williams  (12),  Funk  (68), 
(69),  Schaumann  (181),  Suzuki,  Shamimura  and  Odake  (204),  and  Edie 
et  al  (56),  it  appeared  probable  at  a  relatively  early  stage  in  the  study 
of  this  substance  that  it  was  a  nitrogenous  base  very  probably  related 
to  the  purins  or  pyrimidins.  For  a  time  it  appeared  probable,  chiefly 
through  the  work  of  Williams  and  Seidell  (221),  (222),  (223)  that  this 
vitamin  might  prove  to  be  a  tautomeric  form  of  some  known  substance, 
but  studies  in  this  direction  led  to  conflicting  results  (80),  (210),  (222), 
(223).  More  recently  Osborne  and  Wakeman  (173)  have  reported 
upon  a  vitamin  fraction  which  they  have  prepared  in  quantity  from 
yeast.  The  further  study  of  this  material  is  awaited  with  much 
interest. 

Normal  physiological  functions.  The  suggested  relationship  of  vitamin 
to  purin  or  pyrimidin  compounds  (characteristic  of  nucleins  and  "  extract- 
ives") and  the  fact  that  yeast  extract,  similar  to  meat  extract  in 
general  composition,  flavor,  and  property  of  stimulating  the  appetite, 
is  rich  in  B  vitamin,  as  well  as  the  dkect  observations  of  the  relation 
of  vitamin  to  appetite  above  noted,  have  favored  the  view  that  vitamin 
B  may  function  as  a  physiological  stimulant.  Several  attempts  have 
been  made  to  connect  the  vitamin  requirement  with  the  metabolism 
of  carbohydrate.  Findlay  (66)  found  that  in  polyneuritic  pigeons 
there  is  a  reduction  in  the  glyoxalase  content  of  the  liver  by  more 
than  one-half  that  of  control  birds,  followed  by  an  increase  in  glyoxalase 
on  admininstration  of  vitamin  B,  thus  indicating  a  breakdown  in 
carbohydrate  metabolism  in  beriberi.  Dutcher  (47)  holds  that  "over- 
loading the  oxidative  mechanism  with  any  energy-producing  food  will 
usually  hasten  the  onset  of  symptoms"  of  vitamin  deficiency,  and 
believes  that  the  vitamin  functions  "indirectly  as  a  metabolic 
stimulant."  He  finds  the  catalase  content  of  the  tissues  of 
polyneuritic  birds  only  about  half  that  of  normal  birds,  from  which  he 
concludes  that  oxidative  processes  are  depressed  when  the  organism 
is  not  receiving  the  normal. amount  of  vitamin  (44),  (47).  He  (47) 
holds  it  to  be  not  improbable  that  the  depression  of  body  oxidations 
is  accompanied  by  the  formation  of  toxic  metabolic  products  which 
affect  the  nervous  system,  bringing  about  the  typical  paralysis  and 
other  symptoms.    McCarrison  (120),  (121)  on  the  other  hand  calls  the 
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vitamin  a  nucleopast  to  emphasize  the  view  that  it  plays  an  essential 
r61e  in  the  normal  nuclear  metabolism.  Uhlmann  (207)  concluded 
that  the  vitamin  stimulates  secretion  in  the  glands  of  the  digestive  tract 
and  probably  also  stimulates  the  endocrines;  that  it  tends  to  increased 
muscular  tonus  and  a  dilatation  of  the  vascular  tissues  with  resulting 
lowered  blood  pressure.  Pharmacologically  he  considered  the  action 
of  vitamin  to  be  similar  to  that  of  pilocarpine,  and  the  action  of  atro- 
pine to  be  directly  antagonistic  to  that  of  vitamin.  Dutcher  (46), 
(47)  has  fed  polyneuritic  pigeons  thyroxin,  thyroid,  pilocarpine  hy- 
drochloride and  tethelin.  All  these  substances  he  foimd  to  produce 
relief  and  cessation  of  polyneuritic  symptoms  but  not  so  promptly  as 
when  vitamin  was  fed.  He  incUnes  to  the  view  that  the  activity  of 
the  organs  of  internal  secretion  is  dependent  upon  the  stimulating 
action  of  the  vitamin,  but  holds  that  it  is  still  a  matter  of  speculation 
whether  this  is  in  the  nature  of  a  nerve  stimulant,  nuclear  nutrient,  or 
the  chemical  nucleus  of  a  hormone. 

In  connection  with  the  evidence  obtained  by  direct  observation  upon 
testes  and  ovaries  of  an  influence  exerted  by  the  vitamin  upon  the  re- 
productive organs,  it  is  of  interest  to  note  that  a  number  of  somewhat 
scattered  observations  in  feeding  experiments  tend  to  indicate  that 
normal  mammalian  reproduction  with  successful  suckling  of  the  young 
probably  requires  higjier  proportions  of  both  A  and  B  vitamins  in  the 
food  than  are  required  for  even  rapid  growth.  Since  abimdant  food 
intake  favors  early  maturity,  fecundity,  and  lactation  (213),  (214), 
it  seems  possible  that  a  liberal  intake  of  the  B  vitamin  may  result  in 
more  successful  reproduction  and  lactation  partly  through  stimulating 
the  appetite  and  thus  inducing  a  larger  consumption  of  all  the  con- 
stituents of  the  diet,  and  partly  through  stimulating  or  directly 
nourishing  the  glands  and  organs  directly  concerned  in  the  reproductive 
processes. 

Observations  upon  lactating  animals  and  upon  beriberi  women  have 
led  to  the  view  that  the  body  does  not  synthesize  the  B  vitamin  and 
that  the  mother's  abiUty  to  supply  it  to  her  offspring  is  dependent 
upon  the  vitamin  value  of  her  food.  The  same  is  believed  to  be  true 
of  the  A  vitamin  also,  except  that  the  ability  of  the  body  to  store  rela- 
tively large  amoimts  of  this  latter  implies  the  presence  in  the  body  of  a 
well-nourished  female  of  stores  of  vitamin  A  sufficient  to  enable  her 
to  supply  this  to  her  suckling  offspring  for  a  relatively  long  time  in 
quantities  larger  than  she  receives  in  her  food.  Since  the  ordinary 
rations  of  dairy  cattle  are  rich  in  both  A  and  B  vitamins  at  all  seasons 


Digitized  by 


Google 


610  H.  C.  SHERMAN 

of  the  year,  whereas  human  dietaries  consisting  largely  of  highly  refined 
foods  are  more  Ukely  to  be  deficient  in  one  or  both  of  these  respects, 
it  is  probable  that  under  modem  conditions  cows'  milk  is  a  reliable 
source  of  both  of  these  vitamins,  while  in  order  that  breast  feeding 
may  actually  show  the  superior  results  that  are  normally  expected  from 
it,  it  is  necessary  that  the  food  of  the  mother  shall  be  properly  chosen. 
Cow's  milk  with  its  high  proportion  of  vitamin  A,  its  abimdant  and 
exceptionally  constituted  mineral  content,  and  its  highly  efficient  pro- 
teins, should  always  be  a  prominent  part  of  the  diet  of  the  lactating 
woman,  as  has  been  emphasized  by  McCollum. 

That  the  body  can  store  vitamin  A  abundantly,  but  vitamin  B  to 
only  a  small  extent,  puts  these  two  dietary  essentials  in  somewhat 
different  categories  so  far  as  the  economy  of  nutrition  is  concerned. 
Vitamin  B  must  be  supplied  fairly  constantly  in  sufficient  amounts 
for  current  needs.  In  view  of  its  wide  distribution  among  staple  articles 
of  food,  this  calls  for  no  special  planning  of  the  food  supply  beyond 
the  avoidance  of  too  great  a  dependence  upon  foods  which  have  been 
impoverished  with  respect  to  vitamin  B  by  milling  or  other  refining 
processes  or  by  excessive  losses  through  faulty  preparation  or  the  rejection 
of  the  fluid  in  which  the  food  has  been  cooked  or  canned. 

Vitamin  A,  while  much  more  imevenly  distributed  among  foods  and 
therefore  subject  to  greater  fluctuations  in  the  daily  intake,  is,  by  virtue 
of  its  storage  in  the  body,  an  asset  which  can  be  economically  utilized 
even  when  received  in  quantities  in  excess  of  daily  needs.  The  dietary 
should  be  consciously  and  consistently  planned  to  give  emphasis  to 
foods  which  are  rich  in  vitamin  A,  particularly  milk  and  leaf  vegetables, 
which  are  of  special  value  for  this  and  other  reasons  as  well.  And  the 
investment  in  these  foods  need  not  be  too  closely  scrutinized,  for  any 
surplus  of  vitamin  A  can  be  stored  in  the  body  for  future  needs  and 
probably  also  with  improvement  in  stamina  and  in  ability  to  resist 
disease. 

VITAMIN   c 

Effects  of  a  lack  of  vitamin  C.  Theobald  Smith  in  1895  noted  that 
guinea  pigs  kept  upon  a  diet  of  oats  developed  a  hemorrhagic 
disease,  but  this  observation  did  not  attract  the  attention  of  stu- 
dents of  nutrition  at  the  time.  Later  when  Eijkmann  and  others 
were  showing  that  a  condition  corresponding  to  beriberi  could  be 
induced  in  fowls  by  faulty  diet.  Hoist  and  FrohUch  (100),  (101)  imder- 
took  similar  experiments  in  the  hope  of  finding  the  cause  of  ship  beriberi, 
which  was  seriously  prevalent  among  Norwegian  sailors. 
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Believing  that  their  work  would  be  more  directly  applicable  to  human 
'experience  if  they  employed  mammals  rather  than  birds,  they  gave 
special  attention  to  feeding  experiments  with  guinea  pigs.  It  was 
foimd  that  guinea  pigs  react  differently  from  pigeons  or  fowls  when 
subjected  to  a  polished  rice  diet,  developing  scurvy  instead  of  beriberi. 
A  diet  of  any  other  grain  or  of  bread  also  resulted  in  a  scorbutic  condi- 
tion. Among  the  &f3rmptoins  characterizing  this  experimental  scurvy  of 
the  guinea  pig  are:  loss  of  weight,  soreness  of  joints,  hemorrhages 
aroimd  rib  junctions  and  knee  joints,  soreness  und  hyperemia  of  the 
gums  leading  to  looseness  of  teeth,  fragility  of  the  jaw,  and  other  bone 
changes.  The  i^3rmptoms  are  clearly  described  by  Cohen  and  Mendel 
(21)  and  will  be  referred  to  further  in  connection  with  the  discussion 
of  the  quantitative  determination  of  antiscorbutic  vitamin.  In  view 
of  the  recent  publication  of  Hess'  excellent  monograph  on  scurvy  (90), 
it  is  unnecessary  to  deal  further  here  with  the  results  which  follow 
a  lack  of  the  antiscorbutic  or  C  vitamin. 

Significance  of  vitamin  C  in  normal  nutrition.  Most  of  our  knowledge 
of  scurvy  has  been  gained  from  observations  upon  the  guinea  pig, 
monkey  and  man,  though  the  disease  certainly  occurs  in  swine,  and 
in  all  probability  in  other  species  also.  Is  it  to  be  concluded  that  a 
species  which,  like  the  rat,  does  not  develop  scurvy  when  kept  on  a  "scor- 
butic" diet  is  therefore  independent  of  vitamin  C  and  that  this  vitamin 
has  no  function  in  the  economy  of  such  an  animal?  Evidently  such 
a  conclusion  would  not  be  justified  until  after  other  possibiUties  have 
been  considered.  Harden  and  Zilva  (84)  and  ahnost  simultaneously 
Drummond  (34)  tried  the  addition  of  antiscorbutic  vitamin,  in  the 
form  of  orange  juice,  to  the  diet  of  laboratory  rats  and  foimd  that 
such  additions  result  in  better ,^rowth  and  vigor,  indicating  that  vitamin 
C  plays  a  part  in  the  physiology  of  the  -animal  even  of  a  species  which 
does  not  develop  scurvy  symptoms.  The  improvement  in  growth  and 
vigor  thus  observed  to  result  from  the  addition  of  orange  juice  (rich  in 
C  vitamin)  to  the  diet  of  an  animal  not  showing  typical  symptoms  of 
scurvy,  finds  its  parallel  in  human  experience  in  the  clinical  observations 
of  Hess,  who  found  many  cases  of  subacute  or  latent  scurvy  among 
infants.  These  cases  do  not  show  pronounced  scurvy  symptoms  but 
are  irritable,  lacking  in  stamina,  and  more  or  less  retarded  in  growth. 
Better  growth,  higher  stamina,  and  better  general  health  and  disposi- 
tion are  induced  by  the  feeding  of  vitamin  C  in  the  form  of  orange  or 
tomato  juice  or  other  suitable  antiscorbutic  food. 
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McCarrison  found  (122)  that  in  guinea  pigs  rendered  scorbutic 
by  diet  deficient  in  vitamin  C  the  adrenal  glands  .are  enlarged  and  con- 
gested, and  that  this  h3rpertrophy  of  the  adrenals  is  associated  with 
diminished  production  of  adrenaUn,  which  may  readily  be  a  factor 
in  the  hemorrhages  so  characteristic  of  scurvy.  Conversely,  this  suggests 
the  possibility  of  vitamin  C  playing  a  part  in  normal  physiological 
processes  through  its  apparent  relation  to  adrenalin  production. 

Zilva  and  Wells  (230)  have  reported  changes  in  the  teeth  of  scor- 
butic animals  even  before  the  appearance  of  the  usual  scurvy  symptoms. 
They  find  that  the  tooth  is  one  of  the  first  if  not  the  first  part  of  the 
body  to  be  afifected  by  a  deficiency  of  vitamin  C  and  that  the  teeth 
may  be  seriously  affected,  even  when  scorbutic  sjonptoms  are  so  slight  as 
to  be  almost  unrecognizable.  Applying  their  observations  .to  human 
nutrition,  these  authors  suggest  that  the  use  of  food  poor  in  vitamin 
C  may  be  an  important  factor  in  the  great  prevalence  of  tooth  decay 
in  civilized  conmiunities,  since  cases  of  incipient  scurvy  so  mild  as  to 
escape  detection  may  occur  more  often  than  is  usually  supposed  and 
may  reasonably  be  expected  to  influence  dentition.  See  also  the  work 
of  Howe  (108),  (109). 

Drummond's  above-mentioned  experiments,  in  which  vitamin  C  in 
the  form  of  orange  juice  was  added  to  the  diets  of  rats,  were  continued 
into  the  second  generation  and  it  was  f oimd  that  a  larger  number  of 
litters  of  young  were  borne  by  the  females  which  received  the  added 
antiscorbutic — a  finding  which  has  been  confirmed  by  most  but  not 
all  of  some  similar  comparisons  made  in  the  writer's  laboratory. 

Drmnmond  concludes  that  although  the  need  of  the  rat  for  vitamin 
C  is  relatively  much  less  than  that  of  man,  the  monkey  or  the  guinea 
pigj  yet  it  is  sufficiently  well-marked  to  dispel  any  idea  that  there 
exists  a  fundamental  difference  in  the  nutritive  requirements  of  the 
two  types  of  animals.  "It  may  therefore  be  accepted  as  experimentally 
proven  that  the  dietary  requirements  of  the  higher  animals  include 
in  addition  to  a  satisfactorily  balanced  ration  of  protein,  fat,  carbo- 
hydrate and  mineral  salts,  an  adequate  supply  of  three  accessory  food 
factors:  Fat-Soluble  A,  Water-Soluble  B  or  antineuritic  factor,  and 
Water-Soluble  C  or  antiscorbutic  factor."  That  the  antiscorbutic 
vitamin  is  a  factor  in  the  normal  nutrition  even  of  the  rat  is  strikingly 
indicated  by  the  recently  published  observation  of  Parsons  (177)  that 
rats'  livers  contain  antiscorbutic  vitamin  even  though  the  animals 
have  been  fed  for  a  long  time  on  a  diet  supposedly  devoid  of  it.  As 
Parsons  points  out,  it  seems  improbable  that  the  presence  of  vitamin 
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C  in  the  livers  of  the  rats  under  such  conditions  should  be  accidental. 
Other  possible  explanations  are  that  the  rat  may  be  able  to  synthesize 
this  vitamin,  or  that  the  vitamin  may  exist,  in  cereal  grains  for  instance 
(the  diet  fed  by  Parsons  to  these  rats  contained  64  per  cent  of  wheat), 
in  a  modified  form  utilizable  by  the  rat  but  not  by  the  guinea  pig,  or 
that  the  antiscorbutic  requirement  of  the  rat  may  be  so  much  smaller 
than  that  of  the  guinea  pig  that  a  small  amoimt  of  vitamin  C  present  in 
the  wheat  of  the  experimental  ration,  while  so  far  insufficient  for  the 
guinea  pig  as  to  be  unrecognizable  by  guinea  pig  feeding  tests  might 
yet  suffice  to  meet  the  needs  of  the  rat  and  enable  it  to  carry  some  store 
in  the  liver.  "It  is  conceivable  that  the  rat  has  acquired  not  only  a 
lowered  requirement  but  also  a  phenomenal  capacity  to  store  the  anti- 
scorbutic substance  through  a  biological  adaptation  to  a  food  supply 
which  over  long  periods  of  time  is  very  deficient  in  this  substance." 
In  the  same  paper  mention  is  made  of  preliminary  experiments  com- 
paring the  vitamin  C  content  of  eggs  and  newly  hatched  chickens 
which  "  appear  to  give  additional  weight  to  the  probability  of  a  synthesis 
of  antiscorbutic  substance  by  certain  animal  tissues,  or  a  utilization 
of  forms  other  than  those  available  to  the  guinea  pig"  (177,  p.  602). 

Distribviion  of  vitamin  C  in  the  body  and  in  foods.  In  the  experi- 
ments of  Parsons  just  cited,  as  well  as  in  other  investigations,  it  has  been 
made  clear  that  the  liver  may  be  much  richer  in  vitamin  C  than  the 
muscles.  In  fact  the  muscles  even  when  tested  fresh  and  raw  show 
barely  demonstrable  antiscorbutic  effects.  Thus  the  ordinary  meats 
are  very  low  in  antiscorbutic  value.  Several  investigators  report 
entirely  negative  results  when  testing  meats  for  antiscorbutic  vita- 
min, but  human  experience  appears  to  demonstrate  that  fresh 
meat  in  liberal  amounts  may  exert  a  slight  antiscorbutic  effect.  Blood 
appears  to  contain  distinctly  more  of  the  antiscorbutic  vitamin  than 
does  muscle,  and  it  is  due  in  part  to  their  preference  for  blood  and 
the  glandular  organs  rather  than  the  muscles  as  food  that  the  camivora 
obtain  a  sufficient  amount  of  vitamin  C  from  their  prey. 

Milk  is  much  richer  than  muscle  in  its  contentof  antiscorbutic  vitamin, 
but  is  subject  to  considerable  variation  in  this  respect  according  to  the 
antiscorbutic  value  of  the  food  consumed  during  lactation.  The  milk 
of  cows  on  fresh  pasture  has  been  found  to  be  at  least  three  times  as 
rich  in  antiscorbutic  vitamin  as  is  that  of  cows  fed  on  an  extremely 
scorbutic  winter  ration  (3),  (18),  (49),  (87),  (98),  and  it  is  probable 
that  similar  differences  may  occur  in  breast  milk  according  as  the 
food  of  the  mother  is  rich  or  poor  in  antiscorbutics. 
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Among  foods  of  vegetable  origin,  fruits  and  succulent  vegetables  are 
the  most  important  sources  of  vitamin  C  (15),  (27),  (90),  (93),  (106). 
Oranges  (74),  lemons  (82),  tomatoes  (73),  and  fresh  raw  cabbage  (28) 
seem  to  be  the  richest  in  antiscorbutic  vitamin  of  the  foods  thus  far 
studied.  Apples,  bananas  and  especially  potatoes  (75),  while  not  so 
rich  in  the  vitamin,  are  yet  very  important  antiscorbutics  because  of 
the  quantities  in  which  they  often  enter  into  the  diet. 

In  general  green  vegetables  such  as  leaves,  growing  shoots,  the  edible 
inmiature  seedpod  of  the  "snap,"  "string"  or  "runner"  bean  (11), 
(28),  (30),  (106),  when  eaten  fresh  and  raw  or  nearly  so,  are  rich  in 
vitamin  C,  ranking  with  fruits  as  antiscorbutics;  while  root* vegetables 
in  general  contain  a  somewhat  lower  concentration  of  the  antiscorbutic 
vitamin  (20),  and  mature  seeds  are  almost  if  not  entirely  devoid  of 
antiscorbutic  properties. 

It  is  to  be  mentioned,  however,  that  in  any  such  simple  grouping 
there  may  be  considerable  variations  within  any  one  group,  and  this 
is  not  to  be  avoided  by  a  more  elaborate  subdivision  of  plant  products 
according  to  biological  classification  or  general  chemical  composition, 
since  in  some  cases  foods  very  similar  from  either  of  these  points  of 
view  appear  to  have  quite  different  antiscorbutic  values.  Thus  the 
juice  of  the  lemon  has  shown  much  higher  antiscorbutic  value  than 
that  of  the  lime  (19)  and  the  Swedish  turnip  is  reported  to  be  much 
richer  in  vitamin  C  than  the  common  white  turnip  (20) .  In  how  far  such 
differences  are  to  be  regarded  as  fixed  for  the  species  and  varieties 
concerned  and  in  how  far  they  may  have  been  due  to  difference  in  soil, 
climate,  season,  handling  or  storage  of  the  particular  specimens  used  in 
the  feeding  experiments  reported,  or  even  to  the  technique  of  the  ex- 
periments and  the  individual  variabiUty  of  the  experimental  animals 
employed,  it  would  at  present  be  exceedingly  difficult  and  probably 
impossible  to  decide. 

Undoubtedly  a  marked  development  of  antiscorbutic  vitamin  occurs 
in  cereal  or  legume  seeds  as  they  germinate.  Soimd  mature  legumes  and 
cereals  as  well  as  the  mill  products  and  breadstuffs  made  from  them 
are  commonly  regarded  as  devoid  of  antiscorbutic  property,  while  prop- 
erly germinated  pulses  and  malted  grains  rank  as  valuable  antiscor- 
butics (14),  (101),  (224).  Hence  there  must  occur  in  the  germinating 
seed  either  a  formation  of  vitamin  C  or  a  change  from  an  inactive  to 
an  active  form.  Since  the  string  bean,  with  its  inunature  seed  and  the 
fleshy  pod  which  feeds  it,  is  fairly  rich  in  antiscorbutic,  there  is  here 
plainly  a  suggestion  that  as  the  seed  matures  and  goes  into  a  resting 
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stage  the  antiscorbutic  vitamin  goes  into  an  inactive  form  or  a  related 
but  inactive  substance  from  which  it  is  regenerated  when  the  seed  germi- 
nates. It  will  therefore  be  of  theoretical  as  well  as  practical  interest 
to  test  green  peas  fresh  from  the  garden,  and  fresh  green  com  in  the 
immature  state  at  which  it  is  eaten  as  a  "vegetable,"  for  antiscor- 
butic properties. 

In  this  connection  it  will  also  be  of  interest  and  importance  to  determine 
whether  the  soaking  of  seeds  to  such  an  extent  as  sometimes  precedes 
the  application  of  heat  in  cookery  may  result  in  the  development  of 
any  appreciable  antiscorbutic  power.  There  seems  to  have  been  an 
indication,  but  as  yet  no  conclusive  proof,  of  slight  antiscorbutic  effects 
from  legumes  which  have  been  soaked  but  not  sprouted.  And  among 
the  Russian  peasants  there  is  a  belief  that  their  black  bread,  prepared 
from  whole  grain  flour  (including  the  embryo)  by  a  slow  process  in 
which  there  are  both  a  long  soaking  and  an  opportunity  for  considerable 
enzjrme  action  to  take  place,  has  some  value  as  an  antiscorbutic  while 
white  bread,  made  from  the  endosperm  only  and  by  a  quicker  process, 
has  none.  Another  important  problem  relates  to  the  preservation  of 
the  antiscorbutic  values  of  such  foods  as  are  commonly  used  fresh  but 
cannot  always  be  had  in  fresh  form.  Exclusive  of  the  development  of 
antiscorbutic  vitamin  in  seeds  by  soaking  and  germination,  any  given 
food  may  be  expected  to  show  its  maximum  antiscorbutic  value  in  its 
perfectly  fresh  raw  state.  But  what  is  more  important  is  to  realize 
that  some  foods  can  be  preserved  almost  indefinitely  with  Uttle  if  any 
diminution  of  antiscorbutic  value  while  of  others  this  can  not  be 
expected. 

It  is  unsafe  to  generaUze  from  the  method  of  preservation  alone,  as 
for  example  to  attempt  a  general  answer  to  the  question  whether  a 
sufficient  supply  of  antiscorbutic  vitamin  can  be  obtained  from  canned 
food.  Canned  meat  is  practically  devoid  of  antiscorbutic  value,  while 
canned  tomato  is  one  of  the  best  of  the  antiscorbutics  known  (90), 
(115).  There  are  at  least  three  reasons  for  the  great  difference  in  this 
respect  between  canned  meat  and  the  canned  tomato:  (a)  the  initial 
concentration  of  vitamin  C  is  much  higher  in  the  tomato  than  in  the 
meat;  (6),  the  acidity  of  the  tomato  tends  to  prevent  the  destruction 
of  its  vitamin  both  during  the  canning  process  and  subsequently  in 
storage;  and  (c),  partly  because  of  this  acidity  much  less  drastic 
heat  treatment  is  employed  in  the  canning  of  tomatoes  than  in  the 
canning  of  meats. 
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Canned  milks  differ  greatly  as  regards  their  antiscorbutic  value,  not 
only  because  the  concentration  of  vitamin  C  in  the  original  milk  is 
subject  to  variation  with  the  feeding  of  the  cow,  as  above  mentioned, 
but  also  because  the  canning  process  involves  very  different  heat  treat- 
ment in  different  cases.  Unsweetened  canned  milk  (the  "evaporated" 
milk  of  conmierce)  depends  for  its  preservation  upon  concentration 
and  heat  treatment  only  and  is  given  such  thorough  heating  to  ensure 
against  subsequent  spoilage  that  the  antiscorbutic  vitamin  is  apt  to 
be  almost  entirely  destroyed  (89).  On  the  other  hand  milk  canned  with 
sugar  (commonly  called  sweetened  condensed,  or  conunercially  simply 
"condensed"  milk)  is  preserved  in  large  measure  by  the  sugar  present 
as  well  as  by  the  concentration  of  the  milk  solids,  and  therefore  needs 
less  heafc  treatment.  Such  condensed  milkHess  finds  "to  retain  the  larger 
part  of  its  antiscorbutic  factor"  (91),  and  it  has  also  been  found  to 
contain  important  amoimts  of  antiscorbutic  vitamin  by  other  recent 
investigators  (110). 

Foods  of  high  initial  acidity  such  as  tomatoes  and  orange  and  lemon 
juice  can  be  dried  and  still  retain  marked  antiscorbutic  value  (73), 
(74),  (75),  while  attempts  to  conserve  the  vitamin  C  during  thedr3dng 
of  less  acid  foods  such  as  cabbage  (30)  and  potatoes  (75)  have  been 
less  successful.  The  drying  of  milk  is  perhaps  more  highly  developed 
from  the  mechanical  standpoint  than  that  of  any  other  food,  and  since 
it  is  nearly  neutral  in  reaction  and  largely  used  in  infant  feeding,  special 
interest  attaches  to  the  question  of  retention  of  the  antiscorbutic  value 
of  milk  during  its  drying.  Some  tests  of  dried  milk  have  shown  anti- 
scorbutic value  and  others  have  not  (3),  (88),  (90),  (112).  The  ten- 
dency has  been  to  ascribe  the  difference  to  the  mechanical  process  used  in 
drying,  but  in  view  of  the  fact  that  the  initial  concentration  of  vitamin 
C  in  milk  is  now  known  to  vary  rather  widely,  and  the  further  fact 
that  the  mechanical  devices  for  the  drying  of  milk  are  undergoing  still 
further  development,  it  is  doubtful  if  the  differences  reported  should 
be  attributed  to  the  mechanical  process  alone.  The  time  and  tempera- 
ture of  heating  to  which  the  milk  is  subjected  in  drying  depend  not 
only  upon  the  mechanical  principle  of  the  process  but  also  upon  the 
manner  in  which  it  is  carried  out. 

For  the  solution  of  questions  arising  when  one  attempts  to  investigate 
moderate  quantitative  changes  in  the  antiscorbutic  value  of  a  food, 
special  refinement  of  experimental  method  becomes  necessary. 

Quantitative  determination  of  the  antiscorbvMc  vitamin.  Hoist  and 
FrohUch  (100),  (101)  made  comparisons  of  the  antiscorbutic  properties 
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of  different  foods  and  of  the  same  food  before  and  after  cooking,  drying 
or  other  treatment,  by  finding  the  quantities  which  when  fed  daily 
to  a  guinea  pig  as  his  sole  source  of  antiscorbutic  would  suffice  to  pro- 
tect him  from  scurvy.  The  weakness  of  their  method  consists  in  the 
fact  that  they  were  not  dealing  with  a  deficiency  of  the  C  vitamin 
alone  since  the  simple  basal  rations  which  they  employed — ^usually 
grain  and  water  only — ^must  have  been  deficient  in  vitamin  A  and 
calcium  aswell. 

Cohen  and  Mendel  (21)  devised  a  new  basal  ration  planned  to  provide 
all  necessary  nutrients  except  the  antiscorbutic;  showed  that  the  con- 
dition of  experimental  scurvy  can  be  induced  in  the  guinea  pig  at  will; 
and  formulated  more  fully  the  criteria  for  the  recognition  of  this 
condition. 

Chick  and  Hume  (15),  (17),  (18),  (19),  Delf  (28),  (29)  and  other 
workers  at  the  Lister  Institute  have  done  much  to  establish  the 
importance  of  quantitative  methods  of  work  in  the  study  of  anti- 
scorbutic values,  and  have  recorded  minimum  protective  doses  of  dif- 
ferent foods  and  of  the  same  food  imder  different  treatments,  as  deter- 
mined by  experiments  upon  guinea  pigs  fed  a  basal  ration  of  oats, 
bran  and  autoclaved  milk.  In  view  of  the  more  recent  investigation 
mentioned  below  (115),  it  is  doubtful  if  the  heat  treatment  to  which 
they  subjected  milk  can  be  depended  upon  to  have  certainly  destroyed 
all  of  the  vitamin  C  and  still  retained  an  adequate  amount  of  vitamin 
A.  Using  a  liberal  amoimt  of  autoclaved  milk  in  order  to  ensure  enough 
of  the  A  vitamin,  it  is  probable  that  their  basal  ration  contained  a  very 
small  but  somewhat  variable  amoimt  of  vitamin  C. 

La  Mer,  Campbell  and  Sherman  (115),  building  upon  the  experience 
of  Cohen  and  Mendel  and  of  Chick,  Hmne  and  Delf,  have  still  furth- 
er developed  the  basal  ration  so  as  to  ensure  its  freedom  from 
vitamin  C  and  its  entire  adequacy  in  all  other  respects,  and  have  further 
standardized  the  method  with  reference  to  the  age  and  size  of  the  guinea 
pigs  used  and  the  calculation  of  the  dosage  of  antiscorbutic  to  a  definite 
basis  of  guinea  pig  weight.  With  the  various  factors  thus  standard- 
ized it  was  found  possible  to  measure  relative  antiscorbutic  values 
not  only  by  the  method  of  finding  the  minimum  dosage  required 
for  complete  protection  from  scurvy,  but  also  by  means  of  a  system 
of  quantitative  rating  of  the  severity  of  the  symptoms  and  autopsy 
findings  in  experimental  animals  receiving  accurately  measured  amounts 
of  the  food  to  be  tested,  which  amoimts  prove  to  be  below  the  dosage 
required  for  complete  protection.     Applying  this  method  repeatedly 
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in  studies  of  the  heat  destruction  of  the  vitamin,  it  was  found  that 
measurements  of  the  relative  amounts  of  vitamin  present  can  thus 
be  made  with  a  probable  error  of  less  than  5  per  cent. 

Physical  and  chemical  properfies  of  vitamin  C:  Its  destnustian  by 
heating  and  oxidation.  Hoist  and  Frohlich  (100),  (101)  and  their  co- 
workers showed  that  the  antiscorbutic  substance  is  readily  soluble 
in  water,  dialyzable,  organic,  not  volatile  but  rather  readily  destroyed 
by  heat,  especially  as  it  occurs  in  foods  which  are  not  naturally  acid. 
Cohen  and  Mendel  (21)  and  Hess  and  Unger  (93),  (94)  confirmed  and 
extended  these  observations  and  established  the  actual  existence  of 
an  antiscorbutic  substance  as  against  the  view  that  antiscorbutic  effects 
might  be  referred  to  the  physical  properties  of  the  food.  Hess  (94), 
(95),  (96)  as  well  as  Harden  (79)  demonstrated  the  susceptibility  of  the 
antiscorbutic  vitamin  to  alkalinity  and  Delf  (28),  (29)  made  approxi- 
mately quantitative  studies  of  the  influence  of  temperature  upon  the 
rate  of  destruction  of  vitamin  C  in  cabbage  at  its  natural  hydrogen  ion 
concentration. 

La  Mer,  Campbell  and  Sherman  (115),  using  the  method  above 
mentioned  for  the  quantitative  determination  of  the  vitamin,  studied 
the  effect  of  temperature  and  of  hydrogen  ion  concentration  upon  the 
rate  of  its  destruction  in  solution. 

In  the  case  of  tomato  jtdce  of  natural  acidity,  pH=4.3,  it  was  found 
that  boiling  for  one  hour  destroyed  practically  50  per  cent,  and  for 
four  hours  practically  68  per  cent,  of  the  antiscorbutic  vitamin  present. 
The  time  curve  of  the  destructive  process  is  therefore  much  flatter  than 
that  of  a  unimolecular  reaction.  The  latter  finding  applies  also  to 
similar  heating  experiments  at  60**C.  and  at  80**C.  In  such  experiments 
at  60**  to  100**.  the  temperature  coefficients  are  relatively  low: 
0,0  (60**-80**)  =  1.23;  Qio    (80**-100**)  =  1.12. 

In  experiments  in  which  the  natural  acidity  was  first  neutralized  in 
whole  or  in  part,  the  juice  then  boiled  for  one  hour  and  immediately 
cooled  and  reacidified,  it  was  foimd  that  at  pH=5.1  to  4.9  (natural 
acidity  less  than  half  neutralized)  the  destruction  diuing  one  hour's 
boiling  was  increased  to  58  per  cent.  Neutralization  of  a  larger  pro- 
portion of  the  natural  acidity  increased  the  rate  of  destruction  of  the 
vitamin  at  100°.  When  alkali  was  added  to  an  initial  pH  of  11,  which 
fell  to  about  9  during  the  hour  of  heating,  the  destruction  foimd  on 
feeding  of  the  juice  thus  treated  but  immediately  cooled  and  reacidi- 
fied was  about  65  per  cent. 
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When  in  experiments,  otherwise  exactly  like  the  ones  last  mentioned, 
the  solutions  after  heating  were  quickly  cooled  and  stored  without 
reacidification  for  from  one  to  five  days  in  the  refrigerator  before  feeding 
the  destruction  found  was  90  to  95  per  cent,  thus  showing  the  marked 
deleterious  influence  of  the  alkali  upon  the  vitamin  on  standing  even 
at  great  dilution  and  at  the  low  temperature  of  the  ice  box. 

In  these  experiments  the  solutions  were  heated  in  cotton-stoppered, 
narrow-necked  flasks  from  which  the  air  must  have  been  very  nearly 
excluded  by  water  vapor  early  in  the  heating,  so  that  the  effects  noted 
are  essentially  those  of  heating  rather  than  of  oxidation,  although  the 
latter  may  not  have  been  entirely  excluded.  In  similar  experiments 
in  which  oxygen  or  hydrogen  was  bubbled  through  the  solutions  during 
the  heating  it  was  found  that  the  presence  of  oxygen  increased  the  rate 
of  destruction  of  the  C  vitamin.  Zilva  (228)  has  reported  destruction 
of  vitamin  C  in  neutralized  lemon  juice  when  boiled  for  two  hours  with 
air  bubbling  through  the  container,  while  in  similar  experiments  in 
which  CO2  was  bubbled  through  the  flask  no  destruction  of  the  vitamin 
was  apparent. 

Hess  and  Unger  (99),  Dutcher  (1)  and  others  have  already  demon- 
strated the  marked  susceptibility  of  this  vitamin  to  such  drastic  oxi- 
dizing conditions  as  are  involved  in  treating  the  solution  containing  the 
vitamin  with  liberal  amounts  of  hydrogen  peroxide. 

Thus  while  the  instability  of  vitamin  C  makes  it  an  unpromising 
material  for  attempts  at  actual  isolation,  the  development  of  methods 
for  its  quantitative  measurement  is  making  possible  a  i^tematic 
study  of  its  chemical  behavior. 
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PHYSIOLOGICAL  EFFECTS  OF  ALTITUDE 

EDWARD  C.  SCHNEIDER 
Wesleyan  University,  MiddhUmn,  Connecticut 

Altitude  is  a  climatic  condition  that  causes  physiological  changes 
which  affect  our  bodily  comforts.  Among  its  variables  are  lowered 
atmospheric  pressure,  partial  pressure  of  oxygen,  temperature  and 
humidity;  and  increased  intensity  of  simshine  and  electrical  conditions. 
While  in  the  past  the  effects  of  altitude  have  been  attributed  to  one  or 
more  of  these  variables  (16),  (37),  (104),  it  is  today  recognized  that 
the  controlling  element  in  the  physiological  reactions  is  the  diminished 
partial  pressure  of  oxygen  and  the  consequent  imperfect  aeration 
of  the  arterial  blood. 

The  altitude  oxygen  want  is  ascribed  to  two  conditions.  Primarily 
it  is  due  to  the  imperfect  saturation  of  the  arterial  blood  with  oxygen, 
which  is  the  result  of  reduced  atmospheric  pressure;  but  secondarily 
it  becomes  temporarily  more  pronoimced  because  of  a  chemical  change 
in  the  blood  that  prevents  as  free  a  passage  of  oxygen  into  the  tissues 
as  is  normally  the  case.  This  oxygen  want  may  cause  trouble  in  the 
body  which  is  usually  soon  offset  by  compensatory  reactions  that 
ultimately,  if  a  residence  be  maintained,  lead  to  acclimatization. 
"The  anoxemia,  defined  (45)  as  a  condition  in  which  the  rate  of  supply 
of  oxygen  to  the  tissues  is  insufficient,  means  in  many  men  a  temporary 
slowing  down  of  life. 

Barcroft  (6)  has  pointed  out  that  acute  anoxemia  simulates  drunken- 
ness; while  chronic  anoxemia,  which  is  an  oxygen  want,  perhaps  not 
very  great  but  that  may  be  continued  over  months,  simulates  fatigue. 
He  classifies  the  chronic  types  of  anoxemia  as  the  anoxic,  anemic  and 
stagnant.  In  the  first  the  pressure  of  oxygen  in  the  blood  is  too  low 
and  the  hemoglobin  is  not  saturated  to  the  normal  extent;  in  the 
second  the  quantity  of  hemo^obin  in  the  body  is  too  small,  but  the 
oxygen  pressure  is  normal;  in  the  third  the  blood  is  normal,  but  supplied 
to  the  tissues  in  insufficient  quantities.  It  is  the  anoxic  type  that  occurs 
at  high  altitudes  and  this,  according  to  Barcroft,  is  the  most  difficult 
for  the  organism  to  circumvent,  since  the  rate  of  delivery  of  oxygen 
to  the  tissues  depends  upon  the  pressure  of  oxygen  in  the  blood. 
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The  behavior  of  the  organism  under  low  oxygen  depends  upon 
four  factors:  i,  the  suddenness  with  which  the  oxygen  is  decreased; 
2f  the  extent  to  which  it  is  decreased;  3,  the  length  of  time  it  is  de- 
creased; and  4}  to  some  extent,  upon  the  physical  condition  of  the 
body.  These  should  be  recognized  in  any  statement  of  symptoms  of 
and  compensations  to  altitude.  Thus  the  conscious  and  outwardly  ap- 
pearing reactions  experienced  by  the  aviator  and  the  mountaineer 
are,  as  a  rule,  quite  unUke  because  of  the  speed  as  well  as  the  extent 
of  oxygen  reduction.  The  compensations  to  altitude  fall  into  two 
categories:  namely,  the  emergency  adjustments  based  upon  temporary 
functional  changes;  and  the  permanent  which,  by  prof ound  alterations, 
result  in  acclimatization.  The  lowest  altitude  at  which  the  temporary 
compensations  occur  will  depend  to  a  considerable  extent  upon  the  speed 
with  which  the  ascent  is  made  and  the  degree  of  response  upon  the 
height  reached.  The  permanent  adjustments  require  time  and  their 
onset  and  amount  will  be  determined  by  the  first  two  factors. 

The  abiUty  to  compensate  to  the  low  oxygen  tensions  of  high  altitudes 
varies  with  the  individual  and  the  adjustments  may  be  more  rapid  and 
effective  at  one  time  than  another.  In  repeated  journeys  to  the  summit 
of  Pike's  Peak  the  author  has  experienced  several  degrees  of  moimtain 
sickness  and  at  other  times  has  escaped  the  malady.  In  the  U.  S.  Army 
Air  Service  (2),  (3),  (68)  the  experience  with  the  altitude  classification 
test  of  low  oxygen  by  rebreathing,  has  shown  that  men,  who  ordinarily 
compensate  well  to  the  low  oxygen,  may  pass  through  a  period  in  which 
they  do  poorly.  While  the  differences  cannot  be  entirely  accounted 
for,  yet  without  doubt  they  have  many  times  been  associated  with  ' 
health. 

Much  of  our  information  regarding  the  effects  of  altitude  has  been 
obtained  by  methods  of  investigation  that  did  not  necessitate  living 
on  the  mountains.  Various  researches  (10)  have  shown  that  merely 
to  subject  the  organism  to  a  deficiency  of  oxygen  calls  forth  the  re- 
actions characteristic  of  altitude.  Lutz  and  Schneider  (66)  subjected 
men  to  low  oxygen  tensions  produced  in  three  ways:  by  low  baro- 
metric pressure  in  a  low  pressure  chamber,  which  was  continuously  sup- 
pUed  with  fresh  air;  by  a  low  percentage  of  oxygen  caused  by  rebreath- 
ing air  confined  to  a  mechanism  in  which  the  normal  atmospheric  pres- 
sure was  maintained  and  from  which  the  carbon  dioxide  was  removed; 
and  by  diluting  the  respired  air  with  increasing  amounts  of  nitrogen. 
By  conducting  experiments  more  or  less  parallel  as  to  time,  rate  and 
duration,  they  were  able  to  prove  that  the  circulatory,  respiratory  and 
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blood  adaptive  changes  were  practically  identical  in  these  three 
methods. 

A  study  of  altitude  and  anoxemia  leads  to  the  conclusion  that  much 
work  has  been  partially  or  wholly  futile  because  of  imsatisfactory 
experimental  methods.  This  lack  has  given  a  Uterature  full  of  con- 
tradictory theories  and  conclusions.  The  space  allotted  by  the  editors 
of  this  journal  makes  it  impossible  to  consider  many  interesting  studies. 
Only  such  as  bear  on  recent  work  will  be  considered.  The  reader  is 
referred  to  Cohnheim  (17)  and  Zuntz,  Loewy,  Mtillar  and  Caspari 
(104)  for  helpful  reviews  of  many  topics. 

Attention  is  called  to  the  fact  that  expeditions  have  many  times 
been  made  to  altitudes  that  were  too  low  to  give  a  satisfactory  re- 
sponse, and  the  time  spent  at  the  altitudes  has  often  been  too  short 
for  the  adaptive  changes  to  have  progressed  sufficiently  to  be  measured. 
The  process  of  acclimatization  has  been  studied  for  altitudes  only 
up  to  15,000  feet.  The  most  satisfactory  returns  have  come  from 
expeditions  made  to  14,000  feet  or  higher.  The  results  obtained  by 
a  short  sojourn  at  6000  to  10,000  feet  have  been,  as  a  rule,  unsatis- 
factory. Our  knowledge  of  more  acute  oxygen  want,  as  experienced 
in  fljdng,  includes  altitudes  up  to  those  that  cause  unconsciousness. 

The  responses  of  the  organism  to  the  anoxemia  of  altitude  involve 
the  respiration,  blood  and  circulation,  and  are:  i,  a  fall  in  the  alveolar 
carbon  dioxide  pressure  and  a  rise  in  the  alveolar  oxygen  pressure, 
which  are  associated  with  an  increase  in  the  ventilation  of  the  lungs; 
2y  an  increase  in  the  percentage  and  the  total  amount  of  hemoglobin 
in  the  blood;  5,  a  modification  in  the  proportion  of  acids  and  bases  in 
the  blood;  and  4i  an  increase  in  the  rate  of  heart  beat,  with  which  are 
also  associated  other  circulatory  changes.  Each  of  these  has  been 
considered  to  be  in  the  nature  of  a  compensation,  so  that  the  tissues 
may  be  more  adequately  supplied  with  oxygen.  The  respiratory 
changes  raise  the  oxygen  pressure  to  which  the  blood  is  exposed;  the 
increase  in  hemoglobin  provides  for  more  oxygen  in  a  given  imit  volimie 
of  blood;  the  chemical  changes  provide  the  conditions  for  an  adequate 
dissociation  of  oxyhemoglobin  in  the  tissue  capillaries;  and  it  has  been 
thought  that  the  circulatory  changes  result  in  an  increased  volume  of 
blood  flow,  which  would  raise,  to  a  slight  extent,  the  oxygen  pressure 
in  the  tissues. 

It  has  been  found  that  under  the  conditions  of  fljdng  the  respiration 
and  circulation  are  the  first  mechanisms  to  be  stimulated,  and  they 
are  ahnost  equally  sensitive  to  relatively  low  altitudes;  while  at  higher 
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altitudes  the  blood  may  also  concentrate  (42).  During  residence  at 
a  high  altitude,  the  respiration  is  the  first  function  affected  and  may- 
even  begin  to  change  during  the  ascent.  Ordinarily  in  the  mountaineer 
the  beginnings  of  the  blood  and  circulatory  changes  are  delayed  by 
at  least  as  much  as  6  to  24  hours.  There  is  evidence  that  the  most 
temporary  of  the  several  changes  are  those  affecting  the  circulatory 
system.  In  the  interactions  of  the  several  physiologic  functions  con- 
cerned in  acclimatization,  the  circulation  alone  tends  to  return  to  the 
low  altitude  normal;  while  the  other  functions  continue  on  at  the 
new  levels  as  long  as  residence  at  the  altitude  is  maintained. 

Symptoms  noticeable  at  high  altitudes.  When  anoxemia  is 
produced  gradually  and  rapidly  as  in  an  airplane  ascent  the  effects 
are  insidious  and  easily  overlooked.  In  fact  many  aviators  find  it 
difficult  to  analyze  their  sensations  and  are  not  sure  that  altitudes 
produced  any  effect.  This  is  because  the  most  striking  action  is  on 
the  nervous  system.  The  first  effect  is  stimulation  and  results  in  a 
feeling  of  well-being,  but  this  stage  gradua^y  and  insensibly  passes 
into  sensory  and  mental  dulhiess  (3),  (4),  (12),  (66).  At  12,000  feet 
the  aviator  may  be  conscious  of  breathlessneas,  a  little  higher  he  feels 
muscular  weakness  when  moving,  there  may  be  a  headache  and  a 
tendency  to  Cheyne-Stokes  breathing.  As  he  continues  to  ascend 
memory  and  judgment  are  gradually  impaired,  while  sight  and  hearing 
become  dulled.  Many  men  experience  an  overpowering  desire  to 
sleep,  while  fainting  is  not  uncommon.  Unfortunately  the  aviator 
often  becomes  possessed  with  fixed  ideas  and  being  unable  to  reason 
does  foolish  things.  To  then  continue  to  ascend  means  loss  of  con- 
sciousness. Between  23,000  and  25,000  feet  appears  to  be  the  upper 
altitude  limit  for  consciousness  for  unacclimatized  men. 

There  are  after-effects  of  an  altitude  flight  that  are  of  special  interest, 
such  as  unusual  fatigue,  subnormal  breathing  in  which  the  rate  and 
depth  are  decreased,  subnormal  blood  pressure  and  headache. 

The  mountaineer  ascends  more  slowly  and,  unlike  the  aviator,  is 
liable  to  an  attack  of  ''mountain  sickness."  The  first  effect  as  in  a 
rapid  ascent  is  stimulating.  When  the  traveller  arrives  at  the  summit 
of  a  moimtain  such  as  Pike's  Peak,  altitude  14,110  feet,  he  may  feel 
unusually  well  and  exhilarated,  often  showing  a  disposition  to  be 
talkative,  unreasonable  or  quarrelsome.  His  lips  are  blue,  he  is  un- 
usually sensitive  to  cold,  feels  light-headed  and  may  have  a  headache. 
As  the  day  passes,  in  6  or  8  hours,  lassitude  is  felt;  the  headache,  which 
is  frontal,  gets  worse;  the  appetite  fails;  there  is  likely  to  be  nausea 
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and  vomiting;  and  frequently  there  is  a  sense  of  oppression  in  the  chest 
and  a  rapid  pulse.  There  is  always  depression,  more  or  less  muscular 
weakness,  and  sometimes  complete  prostration.  The  next  morning 
the  eyes  are  dull  and  heavy,  temperature  subnormal,  the  tongue  furred, 
and  the  bowels  disturbed.  This  condition  may  last  a  day  or  two  and 
if  the  patient  remain  quiet  the  attack  is  soon  over.  Strauch  (88), 
having  reviewed  the  mountain  sickness  experiences  of  early  explorers, 
calls  attention  to  the  fact  that  this  malady  befalls  some  individuals 
at  a  lower,  others  at  a  higher  altitude;  but  that  for  all  there  is  a  critical 
line  beyond  which  escape  is  impossible.  In  some  it  may  occur  at 
10,000  feet,  while  only  a  very  few  can  venture  to  19,000  feet  without 
the  experience. 

Ravenhill  (75)  who  had  a  large  experience  among  the  Andes  Moun- 
tain mining  camps  at  15,400  feet  describes,  in  addition,  a  cardiac 
and  a  nervous  type  of  mountain  sickness: — ^the  former  is  characterized 
by  acute  heart  failure  and  the  latter  by  persistent  vertigo,  trembling 
and  even  convulsions. 

The  RESPIRATION  AT  HIGH  ALTITUDES.  The  early  observations  on 
the  influence  of  altitude  on  respiration  dealt  mostly  with  the  rate, 
depth  and  per-minute  volume  of  breathing  and  have  shown  that  the 
amqunt  of  change  varies  with  individuals  (26),  (36),  (70),  (104).  Alti- 
tudes up  to  15,000  feet  either  slightly  increased  or  decreased  the  rate 
of  breathing;  the  depth  of  breathing  as  a  rule  was  increased  although  in 
some  men  the  opposite  resulted;  and  the  per-minute  volume  of  breath- 
ing was  found  to  be  increased,  but  when  corrections  were  made  for 
temperature  and  pressure  by  reducing  the  volume  to  0**C.  and  760  mm. 
the  volume  of  breathing  at  15,000  feet  was  from  10  to  78  per  cent 
less  than  at  low  altitudes. 

Altitude  and  other  types  of  low  oxygen  studies  have  thrown  much 
light  on  the  method  of  control  of  respiration.  To  Haldane  is  due  the 
credit  of  initiating  the  study  which  has  given  not  only  the  facts  but 
also  very  largely  our  present  day  interpretations.  At  low  altitudes 
a  close  relationship  exists  between  the  alveolar  tension  of  carbon 
dioxide  and  the  per-minute  volume  of  breathing;  the  two  vary  pro- 
portionately, but  the  carbon  dioxide  tension  remains  rather  constant. 
However,  at  high  altitudes  the  opposite  relationship  obtains,  the  al- 
veolar carbon  dioxide  is  decreased  while  the  breathing  is  increased. 
This  difference  is  based  upon  blood  changes.  The  alveolar  air  changes 
in  carbon  dioxide  and  oxygen  can  be  used  to  determine  just  when 
and  to  what  degree  the  respiration  responds  to  altitude.    Zuntz  and 
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co-workers  (104)  and  Dung's  (26)  Monte-Rosa  Expedition  in  1906 
determined,  by  indirect  methods,  that  the  alveolar  carbon  dioxide 
is  lowered  as  the  barometric  pressure  falls;  but  it  required  the  more 
exact  and  direct  method  of  Haldane  and  Priestley  (47)  to  follow  the 
changes  in  detail.  The  direct  method  was  early  applied  by  Boycott 
and  Haldane  (14)  in  a  low  pressure  steel  chamber,  and  later  by  Ward 
(98)  on  Monte  Rosa,  and  by  the  Anglo-American  Expedition  (23) 
on  Pike's  Peak. 

The  members  of  the  Anglo-American  Expedition  at  14,110  feet 
already  showed  a  fall  in  the  alveolar  carbon  dioxide  when  the  first 
analysis  was  made  in  from  30  to  60  minutes  after  arrival  on  the  summit. 
This  indicates  that  the  respiratory  response  began  during  the  journey 
up  the  mountain.  However,  the  process  was  then  by  no  means  com- 
pleted. The  average  CO2  tension  upon  arrival  was  32.8  mm.;  this 
was  followed  by  a  gradual  fall  for  from  3  to  19  days  when  it  went  to 
between  25.4  and  29.6  mm.  In  all  cases  the  alveolar  tension  of  oxygen 
was  of  course  least  the  first  day  or  so,  ranging  from  40.2  to  47.1  mm.; 
and  then  gradually  rose  as  the  CO2  tension  fell,  reaching  finally  from 
54  to  56.4  mm.  This  rise  in  alveolar  oxygen  pressure  is  one  of  the 
important  events  of  acclimatization.  Had  the  sea  level  COr-tension 
of  40  mm.  been  maintained  at  14,110  feet,  the  alveolar  oxygen  pressure 
would  have  been  only  36  nmi.  The  new  regulation  gradually  raised 
the  alveolar  oxygen  pressure  a  Uttle  more  than  16  mm.  above  what 
it  would  otherwise  have  been. 

A  fall  in  the  alveolar  COr-tension  indicates  an  increase  in  the  per- 
minute  volmne  of  breathing.  The  Anglo-American  Expedition  foimd 
that  one  individual  breathed  per  minute  in  bed  at  sea  level  7.7  Uters; 
and  when  acclimated  at  14,110  feet,  10.2  liters;  when  standing  at  rest 
at  sea  level  10.4  liters,  and  at  14,110  feet,  14.9  Uters. 

Miss  Fitzgerald  (32),  (33),  from  a  study  of  acclimated  inhabitants 
at  many  altitudes  found  that  the  alveolar  C02-pressure  diminishes 
as  altitude  increases.  She  formulated  the  law  that  for  every  fall 
of  100  nmi.  in  the  barometric  pressure  there  is  approximately  a  fall 
of  4.2  mm.  in  the  alveolar  carbon  dioxide  pressure.  This  means  that 
approximately  a  15  per  cent  increase  in  the  ventilation  of  the  lungs 
occurs  for  each  5,000  feet  increase  in  altitude. 

During  rest,  in  the  acclimatized  person,  the  breathing  is  ordinarily 
modified  only  in  depth.  During  physical  exertion  the  rate  increases 
more  rapidly  than  in  the  same  exercise  at  sea  level.  Thus  one  subject 
when  standing  at  sea  level  breathed  17  times  per  minute,  on  Pike's 
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Peak  20  times;  walking  at  the  rate  of  4  miles  per  hour  at  sea  level 
17.2,  on  Pike's  Peak  29  times;  and  at  the  rate  of  5  miles  per  hour  at 
sea  level  20,  and  on  Pike's  Peak  36  breaths  per  minute.  The  increase 
in  the  volume  of  breathing  for  the  same  conditions  were:  standing 
at  rest  at  sea  level  10.4,  on  Pike's  Peak  14.9  liters;  walking  at  4  miles 
per  hour  at  sea  level  37.3,  on  Pike's  Peak  57.0  liters;  walking  at  5  miles 
an  hour  at  sea  level  60.9,  and  on  Pike's  Peak  110.2  Uters  per  minute. 
These  figures  make  it  clear  that  excessive  hyperpnea  is  experienced 
on  exertion  during  a  sojourn  at  14,000  feet,  but  this  becomes  less 
marked  after  the  first  day  or  two. 

The  consumption  of  oxygen  during  such  exertions  is  approximately 
the  same  for  each  degree  of  effort  at  sea  level  and  the  high  altitude. 
Most  of  the  investigations  show  that  metabolism  is  independent  of 
variations  in  barometric  pressure  (23),  (27),  (28),  (36),  (53),  (92), 
(104). 

By  means  of  experiments  conducted  in  a  low  pressure  steel  chamber 
and  by  low  percentages  of  oxygen  at  normal  atmospheric  pressure, 
Lutz  and  Schneider  (66)  have  attempted  to  simulate  the  rate  of  ascent 
of  an  aviator  to  18,000  or  20,000  feet.  The  alveolar  COj-pressure 
and  the  per-minute  volume  of  breathing  were  found  to  be  changed 
at  656  nun.  barometric  pressure  (4000  feet).  Ellis  (30)  by  the  re- 
breathing  method  secured  as  early  a  response.  It  appears  then  that 
the  respiratory  response  of  increased  breathing  is  stimulated  almost 
at  once  by  altitiide  during  flying.  The  alveolar  carbon  dioxide  and 
oxygen  tensions  fall  progressively  during  an  ascent  to  20,000  feet, 
the  carbon  dioxide  from  an  average  of  39.7  to  30  mm.,  and  the  oxygen 
from  an  average  of  103.2  to  34.8  mm.  The  oxygen  pressure  in  the  blood 
as  it  leaves  the  limgs  would  average,  according  to  Barcroft  (6), 
5  mm.  less  than  the  alveolar  oxygen  pressure.  So  we  have  in  the 
alveolar  oxygen  pressure,  by  referring  to  the  normal  dissociation 
curve,  a  measure  of  the  degree  of  saturation  of  the  arterial  blood  with 
oxygen  and,  therefore,  of  the  degree  of  anoxemia. 

In  an  ascent  of  short  duration,  such  as  an  airplane  flight,  if  a  high 
level  be  maintained  for  an  hour  or  more  there  is  a  tendency  for  the 
alveolar  carbon  dioxide  tension  to  rise  somewhat  and  the  per-minute 
volume  of  breathing  to  decrease  toward  normal.  Ellis  (30)  and 
Lutz  and  Schneider  (66)  correlate  these  changes  with  the  appearance 
of  other  compensations  to  low  oxygen  that  are  advantageous  to  the 
subject;  while  Haldane,  Kellas  and  Kennaway  (49)  attribute  this 
faUing  off  in  the  breathing  to  a  washing  out  of  preformed  CO2  from 
the  blood  by  the  increased  breathing. 
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The  after-effects  on  the  respiration  of  a  stay  at  a  high  altitude  of 
1  or  2  hours  are  of  short  duration.  Lutz  and  Schneider  with  low 
pressure  chamber  experiments  found  that,  in  a  stay  of  from  30  to  90 
minutes  at  a  pressure  corresponding  to  15,000  feet,  in  4  out  of  5  sub- 
jects the  alveolar  air  COj  was  back  to  normal  within  20  minutes  after 
returning  to  760  mm.;  while  in  only  4  out  of  9  cases  was  the  return 
made  in  the  same  time  after  a  stay  at  18,000  feet.  It  has  been  a 
common  observation  among  aviators  that  breathing  is  subnormal 
for  awhile  after  landing.  In  that  time  the  organism  is  making  up 
the  loss  in  CO2  and  recalling  alkali  into  the  blood.  There  is  evidence 
that  relatively  permanent  factors  of  adaptation  soon  begin  to  relieve 
the  more  temporary  compensations.  Thus  Boycott  and  Haldane 
(14)  report  a  case  held  24  hours  at  545  nun.  in  a  low  pressure  chamber 
in  which  the  alveolar  COi-pressure  had  scarcely  returned  to  normal 
after  2  days.  The  persistence  of  the  after-effects  has  been  noted  after 
residence  on  a  mountain  by  Ward  (98)  and  by  the  Anglo-American 
Expedition  (23).  The  most  conspicuous  case  was  reported  by  Schneider 
(78)  for  a  man  who  had  lived  6  mbnths  on  the  summit  of  Pike's  Peak. 
This  man  continued  to  show  a  hyperpnea  for  at  least  4  weeks,  in  which 
time  his  alveolar  C02-tension  gradually  rose  from  27.1  to  37  mm. 
While  the  aviator  breathes  subnormally,  the  mountaineer  ventilates 
his  lungs  excessively  during  the  period  of  *' after-effect.'*  The  former 
has  an  alkalosis  of  the  blood  and  the  latter  a  high  ratio  of  fixed  acids 
to  bases.  The  mountaineer  very  Ukely  is  slowly  accumulating  blood 
alkalies  and  increasing  the  blood  content  of  vdlatile  acids. 

Periodic  breathing  is  frequently  observed  among  newcomers  at 
very  high  latitudes.  This  was  first  observed  by  Mosso  (70),  and  later 
studied  by  Douglas  (21)  and  by  the  Anglo-American  Expedition. 
It  no  doubt  is  caused  by  want  of  oxygen,  in  that  it  has  been  abolished 
by  the  administration  of  pure  oxygen. 

Vital  capacity.  Authorities  agree  that  a  decrease  in  the  vital  capac- 
ity takes  place  with  a  lowered  barometric  pressure,  but  the  explana- 
tions as  to  cause  differ.  Zuntz  and  co-workers  (104)  explain  this 
change  as  being  due  to  the  expansion  of  intestinal  gases.  Durig  (26) 
leans  toward  fatigue  of  the  respiratory  muscles  as  the  true  explanation. 
Fuchs  (36)  finds  cause  in  an  increase  of  muscle  tone  due  to  low  tem- 
peratures. Durig  and  Zuntz  (27)  later  accept  in  part  this  viewpoint. 
Experiments  in  low  pressure  chambers  give  a  similar  reduction.  Schnei- 
der (68)  by  this  means  has  shown  that  the  breathing  of  oxygen 
prevents  a  part  of  the  decrease. 
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Oxygen  secretion  by  the  lungs.  Opinion  has  been  divided  as  to  the 
means  by  which  the  passage  of  oxygen  into  the  blood  is  effected  at 
high  altitudes.  One  group,  the  larger,  has  maintained  that  both  at 
low  and  high  altitudes  the  oxygen  enters  the  blood  solely  by  diffusion 
through  the  pulmonary  epitheUum;  whereas  the  other  group  has  main- 
tained that  diffusion  alone  cannot  account  for  the  intake  of  oxygen, 
but  that  it  is  supplemented  by  an  active  secretion  of  oxygen  by  the 
pulmonary  epitheUum.  The  secretory  theory  has  received  its  support 
from  observations  of  the  Anglo-American  Pike\s  Peak  Expedition. 
It  is  admitted  that,  if  the  oxygen  pressure  in  the  blood  be  higher  than 
in  the  alveolar  air,  only  the  secretory  theory  will  account  for  this 
difference.  In  order  to  measure  the  partial  pressure  of  oxygen  in 
the  blood  of  men  on  Pike's  Peak,  Douglas,  Haldane,  Henderson  and 
Schneider  (23)  used  the  indirect  method  of  Haldane  and  Smith  (46),  as 
modified  by  Douglas  and  Haldane  (22),  in  which  the  administration 
of  carbon  monoxide  and  the  law  of  mass  action  are  employed  to  de- 
termine the  partial  pressure  of  oxygen.  By  this  means  they  found 
the  average  excess  of  oxygen  pressure  in  the  arterial  blood  was  35.8 
mm.,  the  mean  normal  resting  alveolar  oxygen  pressure  52.5,  and  the 
arterial  pressure  88.3  nun.  They  also  used  the  then  known  facts 
regarding  diffusion  of  oxygen  and  found  that  alveolar  oxygen  pressure 
at  that  altitude  would  not  deliver  oxygen  to  the  blood  rapidly  enough 
to  supply  the  bodily  needs,  especially  during  exercise.  Today  it  appears 
that  these  results  and  conclusions  were  based  on  untrustworthy  as- 
sumptions. Dr.  Marie  Krogh  (60)  in  1915  estabUshed  a  new  diffusion- 
coeflScient  for  the  passage  of  oxygen  through  a  membrane  and  showed 
that,  if  the  figures  were  correct,  it  was  possible  for  diffusion  to  account 
,  for  the  passage  of  a  sufficient  amount  of  oxygen  to  supply  the  body 
needs  up  to  such  altitudes  as  24,000  feet.  The  theory  so  far  as  altitudes 
are  concerned  was  from  then  on  only  supported  by  the  indirect  evidence 
that  the  oxygen  pressure  in  the  arterial  blood  was  higher  than  in  the 
alveolar  air.  More  recently  Barcroft,  Cooke,  Hartridge  and  Parsons 
(9)  drew  blood  directly  from  the  radial  artery  of  the  wrist  of  a  man 
who  had  Uved  6  days  under  an  oxygen  pressure  of  84  mm.  By  care- 
fully controlled  methods  the  oxygen  pressure  of  the  blood  was  de- 
termined by  two  direct  methods  of  measurement,  the  blood-gas  pump 
and  the  differential  blood-gas  apparatus.  They  conclude  that  '*The 
arterial  blood  in  vivo  contained  less  oxygen  both  during  rest  and  work 
than  did  samples  of  the  same  blood  exposed  to  alveolar  air  in  vitro 
at  body  temperature."    So  for  the  present  it  appears  that  the  burden 
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of  proof  for  the  theory  of  oxygen  secretion  by  the  lungs  lies  with  its 
advocates. 

The  BLOOD  changes.  TheJ'extensive  Uterature  on  the  blood  is 
discordant,  some  maintaining  that  altitude  is  entirely  devoid  of  effect 
and  others  insisting  that  extreme  changes  occur.  This  lack  of  agree- 
ment is  most  conspicuous  regarding  the  changes  in  the  number  of  red 
blood  cells.  A  good  review  of  the  early  Uterature  is  given  by  Burker, 
Jooss,  Moll  and  Neumann  (15).  Their  work  emphasizes  the  necessity 
of  employing  experimental  methods  of  a  high  degree  of  accuracy. 

Erythrocytes  and  hemoglobin.  As  early  as  1878  Paul  Bert  (10)  pre- 
dicted that  the  blood  of  man  and  animals  living  at  high  elevations 
would  be  found  to  have  a  greater  oxygen  capacity  than  that  of  similar 
individuals  at  sea  level.  In  1882  (11)  he  showed  that  the  blood  ob- 
tained from  several  kinds  of  animals  living  at  a  high  altitude  in  Bolivia 
had  a  greater  oxygen  capacity  than  that  taken  from  animals  at  sea 
level.  A  little  later,  in  1890,  Viault  (95)  reported  an  increase  in  the 
number  of  red  corpuscles  per  cubic  millimeter  of  blood  in  man  and 
animals  at  an  elevation  of  14,400  feet  in  Peru;  while  Miintz  (72)  ft^^und 
that  the  blood  of  animals,  living  at  an  altitude  of  9400  feet  in  the 
Pjo-enees,  contained  a  larger  percentage  of  iron  than  that  of  those  at 
low  levels. 

While  these  early  observations  have  from  time  to  time  been  con- 
troverted, at  the  present  time  the  evidence  for  an  increase  in  the 
erythrocytes  and  hemoglobin  is  overwhelming. 

The  relation  between  the  increase  in  the  nxmiber  of  erythrocytes 
and  amount  of  hemoglobin  has  also  been  a  subject  of  debate.  Schau- 
mann  and  Rosenqvist  (77),  Oliver  (73),  VanVoomveld  (96)  andFuchs 
(35)  found  that  the  increase  in  red  cells  exceeded  that  of  hemoglobin, 
while  Eggers  (29)  and  Dallwig,  Kolls  and  Loevenhart  (20)  report  a 
much  smaller  increase  in  red  cells  than  in  hemoglobin.  The  Anglo- 
American  Pike's  Peak  (23)  expedition  in  1911  found  the  red  corpuscles 
to  increase  in  equal  proportion  with  the  hemoglobin,  so  that  there  was 
no  alteration  of  the  color  index.  Burker  (15)  and  collaborators  at 
6150  feet  found  the  erythrocytes  to  increase  4  to  11.5  per  cent  and  the 
hemoglobin  7  to  10  per  cent.  Cohnheim  (18)  and  Schneider  and 
Havens  (82)  find  the  two  changes  run  parallel.  It  is  to  be  expected 
that  as  more  exact  methods  of  determining  the  hemoglobin  come  into 
use,  it  will  be  shown  that  the  color  index  is  not  changed  with  altitude. 

If  the  increase  in  erythrocytes  and  hemoglobin  prove  to  be  parallel, 
then  Miss  Fitzgerald's  (32)  law  may  be  accepted  as  a  measure  of  these 
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blood  changes.  She  found  that  for  every  100  mm.  fall  in  atmospheric 
pressm*e  there  is,  among  acclimated  inhabitants,  an  average  rise  of 
about  10  per  cent  in  hemoglobin  and  that  this  rise  is  approximately 
the  same  for  men  and  women.' 

The  aviator  and  balloonist  may  also  experience  blood  compensations. 
Studies  during  a  flight  are  diflScult  to  make  and  subject  to  the  criticism  < 
that  the  wind  causes  such  rapid  evaporation  of  the  freshly  drawn  blood 
that  an  increased  count  may  be  attributed  to  its  action.  Gaule  (39), 
Gemelli  (40)  and  Culpepper  (19)  report  increases  in  the  erythrocytes 
and  hemoglobin  during  flights;  and  the  last  two  authorities  hold  that 
repeated  ascents  will  give  a  permanent  increase.  They  advance  the 
opinion  that  cold  is  the  main  cause.  A  rapid  increase  in  the  absence 
of  cold  has  been  demonstrated  by  means  of  the  low  pressure  chamber 
and  imder  low  oxygen  at  normal  atmospheric  pressure  by  Gregg,  Lutz 
and  Schneider  (42).  They  and  Haldane,  Kellas  and  Kennaway  (49) 
fail  to  find  a  lasting  effect  from  brief  exposure  to  low  oxygen  tensions. 

Rate  and  time  of  change.  To  determine  the  rate  at  which  these  blood 
changes  take  place  during  residence  at  a  high  altitude  necessitates 
making  allowance  for  the  diurnal  variations.  Dreyer,  Bazett  and 
Pierce  (25)  have  shown  that  the  daily  variations  in  the  per  cent  of 
hemoglobin  in  man  and  animals  are  large,  changes  of  10  per  cent 
are  more  or  less  conmion  and  may  even  reach  as  much  as  30  per  cent. 
The  diurnal  curve  shows  two  maxima  between  4  and  8  a.  m.  and  p.m. 
and  two  minima  between  10  and  1  o'clock  night  and  day.  If  the 
literature  on  altitude  blood  changes  be  examined  with  this  curve  some 
of  the  disagreement  between  investigators  can  be  accounted  for. 

The  time  required  for  the  altitude  blood  changes  to  become  evident 
appears  to  be  determined  by  the  rate  and  height  of  the  ascent  ana  the 
ph3rsical  condition  of  the  subject  and,  to  some  extent,  by  the  amoimt 
of  physical  effort  made.  Gregg,  Lutz  and  Schneider  (42)  with  the  low 
pressure  chamber  and  low  oxygen  at  normal  atmospheric  pressure 
observed  that,  when  the  oxygen  tension  was  lowered  at  a  rate  com- 
parable to  ascending  1000  feet  per  minute,  to  pressures  corresponding 
to  15,000  to  18,000  feet,  the  erythrocytes  and  hemoglobin  increased  in 
78  per  cent  of  all  men  examined.  In  some  of  the  men  the  increase 
began  within  26  minutes  and  in  the  majority  between  40  and  60  minutes. 

The  mountaineer,  whether  going  afoot,  by  railway  or  automobile, 
ascends  more  slowly  than  the  aviator;  consequently  the  blood  changes 
appear  much  later.  Douglas,  Haldane,  Henderson  and  Schneider 
(23)  observed  in  themselves,  several  hours  after  reaching  the  summit  of 
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Pike's  Peak,  a  slight  increase  in  hemoglobin  that  did  not  reach  3  per  cent 
in*  any  case.  Work  with  animals  has  revealed  an  increase  within  a  few 
hours  (16),  (20).  Schneider  and  Havens  (82)  had  under  observation 
healthy  young  men  who  ascended  passively  by  railway  and  showed 
no  response  dimng  the  first  7  hours  at  an  altitude  of  14,110  feet.  The 
usual  response  dimng  residence  at  a  high  altitude  consists  of  a  rapid 
increase  in  the  number  of  erythrocytes  and  percentage  of  hemoglobin 
during  the  first  2  to  4  days  followed  by  a  more  gradual  increase  that 
requires  several  weeks  and  even  months  to  establish  equilibrium. 
Individual  differences  are  always  observed  when  a  group  of  men  is 
considered,  as  in  the  Anglo-American  and  the  Burker  expeditions. 
A  splendid  set  of  observations  that  gives  the  typical  curve  is  that  of 
Richards  (74)  on  himself,  at  15,000  feet  in  Bolivia.  In  5  days  his 
hemoglobin  increased  from  an  average  of  101  to  129  per  cent  on  the 
Gower-HaJdane  scale;  and  then  rose  verj'-  gradually  for  2 J  months  to 
146.  A  residence  of  a  few  days  to  a  week  at  the  high  altitude  is  not 
sufficient  time  for  the  changes  to  be  completed.  Schneider  and  Havens 
(82)  observed  two  men  who  failed  to  respond  in  4  days  and  others 
in  whom  the  first  changes  were  delayed  1  and  2  days.  The  men  who  were 
tardy  in  making  these  blood  changes  were  fatigued  by  ascending  on 
foot  or  were  not  in  the  pink  of  condition,  The  Anglo-American  Pike's 
Peak  expedition  noted  a  distinctly  low  hemoglobin  in  three  of  the 
party  the  day  following  a  fatiguing  climb. 

Theories  on  the  mechanism  of  adjustment.  Among  the  theories  ad- 
vanced to  account  for  the  increase  in  the  erythrocj^tes  and  hemoglobin 
are:  a,  an  increased  concentration  of  the  blood;  b,  increased  hematopoietic 
activity  of  the  bone  marrow;  c,  the  existence  of  a  reserve  or  dormant 
supply  of  erythrocytes;  d,  a  lengthening  of  the  life  of  the  erythrocytes 
(for  which  there  has  been  no  experimental  evidence) ;  and  6,  an  imequal 
distribution  of  the  red  corpuscles. 

Grawitz  (41)  early  maintained  that  as  a  result  of  increased  evaporation 
of  water  from  the  body  the  blood  becomes  more  concentrated  at  high 
altitudes.  Weiss  (101)  was  unable  to  detect  any  alteration  in  the 
amount  of  hemoglobin  per  kilo  body  weight  in  animals  at  4000  feet, 
even  though  the  number  of  erythrocytes  per  cubic  millimeter  was 
increased.  Jaquet  (57),  on  the  other  hand,  found  in  animals  kept  under  a 
barometric  pressure  of  640  mm.  of  Hg.  (5000  feet),  that  not  only  the  per- 
centage of  the  hemoglobin  but  also  the  total  mass  of  hemoglobin 
increased;  while  the  volume  of  blood  remained  practically  unaltered. 
Abderhalden  (1),  working  with  animals  at  6100  feet,  concluded  that  the 
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amount  of  hemoglobin  per  animal  was  not  altered,  although  the  amount 
per  kilo  body  weight  as  well  as  the  percentage  value  of  the  hemoglobin 
and  red  corpuscles  rose.  The  weight  of  his  animals  was  uniformly 
less  at  the  high  altitude.  He  took  this  to  indicate  a  concentration  of 
the  blood  without  over-production.  Dreyer  and  Walker  (24)  believe 
that  the  change  in  blood  volume  is  proportional  to  the  area  of  the 
body  surface.  They  recalculated  Abderhalden's  data  and  found  that 
while  the  animals  showed  a  diminished  blood  volume,  yet  the  total  amount 
of  hemoglobin  indicated  a  new  formation;  but  they  concluded  that  in 
animals  examined  during  the  first  day  or  two  after  ascent  the  whole 
change  was  due  to  a  diminution  in  the  blood  volume.  Douglas, 
Haldane,  Henderson  and  Schneider,  by  the  carbon  monoxide  method 
of  Haldane  and  Smith  (46),  determined  the  total  amoimt  of  hemo- 
globin and  the  blood  volume  of  four  men  during  a  residence  of  5  weeks 
on  Pike's  Peak.  They  are  ef  the  opinion  that  three  of  their  subjects 
had  a  diminished  blood  volume  during  the  first  days;  but  that  after- 
wards there  was  a  large  increase  in  the  total  amount  of  hemoglobin 
and  a  return  to,  or  even  a  sUght  increase  above,  the  normal  volume. 

Other  evidence  of  increased  activity  of  the  hematopoietic  tissue 
has  been  forthcoming.  Thus  Zuntz,  Loewy,  Miiller  and  Caspari 
(104)  by  a  histological  study  of  the  bone  marrow  of  dogs  at  sea  level 
and  at  a  high  altitude  showed  a  decrease  in  fat  cells  and  an  increase 
in  the  blood-forming  elements  in  the  animals  acclimated  to  the  high 
altitude.  Dallwig,  Kolls  and  Loevenhart  (20)  found  an  extension  of 
the  red  marrow  in  animals  imder  low  oxygen,  and  a  large  increase  of 
hemoglobin  per  kilo  body  weight.  Laquer  (63),  working  with  dogs, 
found  that  if  they  were  deprived  of  hemoglobin  by  a  hemorrhage  of 
half  their  blood  supply,  at  sea  level  27  days  and  on  Monte  Rosa  16  days 
were  required  to  regenerate  the  hemoglobin.  Schneider  (78)  proved 
there  had  been  over-production  of  red  corpuscles  and  hemoglobin  by 
determining  the  changes  after  descent  in  a  man  who  had  lived  6  months 
at  an  altitude  of  14,000  feet.  In  the  course  of  10  weeks  the  total  oxygen 
capacity  of  the  blood  decreased  about  12  per  cent. 

Schneider  and  Havens  (82),  from  observations  on  the  effects  of  abdom- 
inal massage  and  muscular  exertion,  concluded  that  a  part  of  the  first 
increase  in  red  corpuscles  and  hemoglobin  occurring  with  residence 
at  a  high  altitude  was  brought  about  by  the  passage  into  the  general 
circulation  of  a  large  number  of  red  corpuscles  that  ordinarily  are 
stored  away.  Their  reasons  were  as  follows:  at  low  altitudes  abdomi- 
nal massage  and  physical  exertion  increase  the  number  of  erythrocytes 
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and  percentage  of  hemoglobin  in  the  peripheral  capillaries;  at  high 
altitudes,  before  the  blood  changes  of  acclimatization  have  appeared, 
these  still  raise  the  content  of  hemoglobin  and  red  corpuscle;  but  after 
men  are  partially  or  wholly  acclimatized  abdominal  massage  and  exer- 
cise lower  instead  of  increase  their  content.  Recent  work  on  the 
regulation  of  the  volume  and  concentration  of  the  blood  has  liot  favored 
this  explanation.  Scott  (86)  was  unable  to  find  masses  of  corpuscles 
stored  away  anywhere  in  the  boiidy  and  believes  that  the  capillary 
blood  is  the  same  as  that  in  the  large  vessels.  Scott,  Herrman  and 
Snell  (87)  found  an  increase  of  the  water  content  of  the  muscles  diuing 
contraction  and  concomitantly  with  this  an  increased  hemoglobin 
content  and  blood  coimt.  This  passage  of  water  out  of  the  blood  was 
associated  with  a  rise  in  blood  pressure.  Lamson  (64)  also  was  unable 
to  find  a  reservoir  of  red  corpuscles  of  suflScient  magnitude  to  appreci- 
ably influence  the  red  coimt.  He  finds  that  all  conditions  of  acute 
polyc3rthemia  in  which  there  has  not  been  sufficient  time  for  red  cell 
production  are  due  to  concentration  of  the  blood  by  fluid  loss,  and  that 
this  loss  from  the  circulation  occurs  through  the  Uver  lymphatics. 
While  these  more  recent  studies  throw  doubt  on  the  explanation  offered 
by  Schneider  and  Havens,  they  do  not  account  for  the  fact  that  after 
acclimatization  abdominal  massage  and  physical  exertion  not  only 
failed  to  cause  the  usual  concentration  of  the  blood,  but  actually 
caused  a  decrease  in  the  content  of  hemoglobin  and  the  red  cell  count. 
The  mechanism  by  means  of  which  the  blood  is  concentrated  has 
not  been  carefully  considered  with  respect  to  altitude  and  low  oxygen. 
That  it  is  not  chiefly  the  result  of  evaporation  of  water  from  the  body 
as  suggested  by  Grawitz  is  evident  from  the  observation  of  Dallwig, 
Kolls  and  Loevenhart  and  of  Gregg,  Lutz  and  Schneider,  in  which 
men  and  animals  were  held  imder  such  conditions  that  perspiration 
and  evaporation  were  normal  or  subnormal;  furthermore  Gregg,  Lutz 
and  Schneider  obtained  concentration  within  15  to  20  minutes  without 
any  noticeable  increase  in  the  activity  of  sweat  glands.  Against 
the  theory  that  it  is  chiefly  due  to  an  increased  activity  of  the  kidnejrs, 
as  suggested  by  Birley  (12)  from  observations  on  aviators,  Gregg, 
Lutz  and  Schneider  urge  that  the  time  in  which  concentration  occurs, 
15  or  20  minutes  as  seen  in  some  aviators,  is  too  short  and  the  volume 
of  urine  eliminated  too  small.  A  study  of  the  weight  of  subjects 
before  and  after  experiment  proves  conclusively  that  the  concentra- 
tion cannot  be  due  to  a  loss  of  water  from  the  body.  That  it  is  not 
associated  with  the  blood  pressure  is  evident  from  numerous  mountain, 
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low  pressure  chamber  and  rebreathing  experiments  in  which  the  ar- 
terial pressures  have  not  increased,  but  in  some  instances  have  decreased 
as  the  blood  concentrated. '  The  work  of  Bogert,  Underbill  and  Mendel 
(13)  and  Scott,  Herrman  and  Snell  (87)  show  that  in  the  regulation  of 
blood  voliune  the  tissues  act  as  the  reservoir  for  excess  fluid.  Further- 
more, as  shown  by  Smith  and  Mendel  (90)  the  excess  of  fluid  may- 
leave  the  blood  as  an  exudate  into  the  serous  cavities  or  be  excreted 
into  the  intestine  and  stomach. 

The  theory  that  the  blood  changes  of  altitude  are  due  to  an  alteration 
in  the  distribution  of  the  erythrocytes  has  had  its  chief  support  from 
Foa  (34),  who  found  that  the  ear  veins  of  rabbits  contained  more  red 
cells  than  the  blood  from  an  artery;  and  from  Campbell  and  Hoagland 
(16)  who  found  the  blood  from  the  mesenteries  poorer  in  erythrocjrtes 
than  that  from  the  ear.  Dallwig,  Kolls  and  Loevenhart  (20)  later 
examined  blood  from  the  marginal  ear  vein  and  the  carotid  artery  and 
heart  and  found  the  counts  were  the  same  within  the  limits  of  experi- 
mental error. 

Undoubtedly  the  increase  in  hemoglobin  observed,  during  short 
exposures  to  and  during  the  early  days  at  high  altitudes,  is  largely 
or  wholly  due  to  a  loss  of  fluid  from  the  blood;  while  the  permanent 
condition  of  acclimatization  is  the  result  of  a  new  formation  of  red 
cells  which  finally  restores  the  blood  volimie  to  normal. 

Reasoning  from  the  fact  that  his  own  erythrocytes  did  not  increase 
during  a  short  visit  to  Leadville  and  Pike's  Peak  at  a  time  when  his 
red  count  was  abnormally  high  at  sea  level,  Sundstroem  (93)  con- 
cludes that  health  in  high  altitudes  is  compatible  with  numbers  of 
red  cells  that  are  normal  for  low  elevations.  The  opinion  is  not  in 
accord  with  some  able  clinicians.  Sewall  (76)  considers  anemia  a 
dominant  disorder  at  altitudes  of  5000  and  6000  feet.  He  finds  that 
failure  to  react  normally  to  the  altitude  leaves  the  body  in  a  mild 
grade  of  altitude  anemia  that  originates  or  accelerates  many  functional 
disorders.  Moleen  (69)  also  finds  much  of  the  so-called  altitude 
nervousness  due  to  the  failure  of  the  hematopoietic  response  and  that, 
if  by  therapeutic  or  other  means  the  blood-forming  mechanism  can 
be  stimulated  into  activity,  individuals  find  no  diflBculty  in  living 
tranquil  lives  at  high  altitudes. 

Variation  in  the  size  of  the  erythrocytes  has  been  considered. 
Koeppe  (59)  found  a  decrease  while  Schauman  and  Rosenqvist  (77) 
report  a  progressive  increase  in  the  diameter  at  high  elevations.  Sund- 
stroem (92),  (93)  observed  that  in  the  same  person  on  different  occasions 
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there  may  be  either  an  increase  or  decrease  in  the  diameter  and  suggests 
that  these  alterations  may  be  caused  by,  or  correlated  with,  changes 
in  the  acid-base  equiUbrium  of  the  blood. 

Nimierous  attempts  have  been  made  to  find  nucleated  red  cor- 
puscles but  many  have  been  futile.  Schauman  and  Rosenqvist  in 
experiments  on  animals  found  an  increase  of  normoblasts  and  free 
nuclei.  Gaule  (39)  from  balloon  ascensions  gives  doubtful  descriptions 
of  nucleated  red  cells  and  Sundstroem  after  much  searching  of  his 
own  blood  f oimd  two  characteristic  normoblasts  and  a  few  free  nuclei. 
Dallwig,  KoUs  and  Loevenhart  (20),  working  with  animals  kept  under 
a  low  percentage  of  oxygen,  showed  that  the  number  of  basophilic 
erythrocytes  was  increased  and  that  many  of  these  were  abnormally 
large.  Such  cells  are  indicative  of  excessive  activity  of  the  hemato- 
poietic tissue. 

Leucocytes  and  platelets.  The  nimiber  of  white  corpuscles  is  approxi- 
mately the  same  at  all  altitudes  (91),  (92),  but  the  differential  count 
reveals  a  difference  in  the  kinds  of  leucocytes.  The  outstanding  feature 
is  an  increase  in  the  large  lymphocytes.  The  number  of  poljmaor- 
phonuclear  cells  diminishes  in  exact  proportion  in  which  the  mono- 
nuclear cells  increase  (91),  (92),  (99). 

Comparatively  Uttle  work  has  been  done  in  connection  with  the  blood 
platelets.  Kemp  (58)  in  1903  found  a  tremendous  increase  at  14,000 
feet.  Webb,  Gilbert  and  Havens  (100)  found  that  the  platelet  count 
at  sea  level  as  obtained  from  an  average  of  counts  made  on  one  hundred 
college  students  was  302,000,  and  for  one  hundred  men  at  6000  feet  was 
340,000  per  c.nmi.    No  reason  is  known  for  this  increase. 

The  hemato-respiratory  functions  at  high  altitudes.  The 
whole  problem  of  respiration  at  high  altitudes  is  very  closely  linked 
with  the  "control  of  the  chemical  reaction  of  the  blood  and,  therefore, 
with  the  explanation  of  acidosis.  Our  interest  centers  about  the 
balance  of  acids  and  alkalies  because  the  absorption  and  unloading 
of  oxygen  by  the  blood  is  altered  by  variations  in  these.  Carbon  di- 
oxide, by  virtue  of  its  acidic  character,  affects  not  only  the  respiratory 
center  but  also  the  dissociation  of  oxyhemoglobin;  an  increase  in  the 
partial  pressure  of  carbon  dioxide  augments  the  dissociation, '  while 
a  decrease  causes  the  hemoglobin  to  hold  more  tightly  to  its  oxygen. 

It  was  early  noted  that  the  volume  of  air  breathed  is  increased  at 
high  altitudes  while  the  alveolar  carbon  dioxide  pressure  is  lower 
than  at  sea  level.  To  account  for  this  increase  in  breathing  Zuntz 
and  associates  (104)  and  Haldane  and  collaborators  (14),  (48),  (98) 
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developed  a  theory  that  still'  persists,  to  a  degree,  among  physiol- 
ogists today;  namely,  that  a  deficiency  of  oxygen  produces  acids  that 
are  added  to  the  blood.  Boycott  and  Haldane  (14)  beUeved  that  the 
hyperpnea  observed  under  want  of  oxygen  is  due  to  the  formation  of 
lactic  or  other  acid  substances  and  that  these  have  the  same  influence  as 
carbon  dioxide  on  the  respiratory  center,  so  that  less  carbon  dioxide 
is  required  to  excite  the  center.  That  lactic  acid  does  not  accumulate 
in  the  blood,  at  least  at  moderately  high  altitudes,  was  proven  by 
Barcroft,  Camis,  Mathison,  Roberts  and  Ryffel  (7),  (8)  in  their  ex- 
pedition to  Mt.  Rosa. 

Studies  of  the  dissociation  curve  of  the  blood  by  Barcroft  (7)  and 
the  Anglo-American  Pike's  Peak  Expedition  (23)  have  shown  that, 
in  the  acclimated  individual,  the  afiinity  of  hemoglobin  for  oxygen  is 
the  same  as  at  sea  level,  if  the  blood  be  exposed  to  a  carbon  dioxide 
pressure  characteristic  for  the  alveolar  pressure  of  the  altitude.  This  • 
indicates  that  the  carbon  dioxide  has  been  displaced  by  something  which 
produces  an  equal  effect  on  the  affinity  of  hemoglobin  for  oxygen.  If 
the  blood  of  an  altitude  acclimated  person  be  exposed  to  40  mm.  of 
carbon  dioxide,  the  average  alveolar  carbon  dioxide  at  sea  level,  the 
dissociation  curve  is  displaced  to  the  right,  thus  proving  there  has 
been  an  increase  in  acid  radicals  or  a  decrease  in  the  bases  of  the  blood. 
To  account  for  these  changes  Douglas,  Haldane,  Henderson  and 
Schneider  suggested  the  theory  that  the  adaptive  regulation  of  the 
blood  alkalinity  is  accompUshed  by  a  sUght  and  gradual  alteration  in 
the  exciting  threshold  of  alkaUnity  for  the  kidneys,  whereby  they 
would  slowly  reduce  the  alkaUnity  of  the  blood  and  restore  the  acid- 
base  relationship  to  that  characteristic  of  acclimated  persons.  The 
stimulus  for  the  slight  alteration  was  assumed  to  be  the  presence  of 
abnormal  quantities  of  metaboUtes  in  the  blood  which  had  escaped 
oxidation  in  the  limgs.  This  theory  has  recently  been  modified  by 
Haldane  (45)  in  view  of  more  extended  observations. 

Y.  Henderson  and  Haggard  (44),  (54)  have  used  the  carbon  dioxide 
dissociation  curve  of  the  blood  to  show  the  amoimt  of  alkaU  in  use 
in  the  blood.  They  find,  with  oxygen  deficiency,  that  augmented 
breathing  begins  before  a  reduction  of  the  blood  alkaU  occurs;  and 
that  there  is  not  a  lowering  of  the  blood  alkali  before  or  coincident  with 
the  increase  in  breathing,  as  was  formerly  taught.  They  find  the 
hemato-respiratory  events  of  acclimatization  occur  in  the  following 
order:  1,  a  lowering  of  the  oxygen  tension  of  the  inspired  air;  2,  a 
stimulation  of  the  respiratory  center  or,  as  they  state  it,  an  increased 
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production  of  respiratory  x;  5,  excessive  respiration  and  a  blowing 
off  of  carbon  dioxide;  4,  a  decrease  in  the  ratio  of  HjCOs:  NaHCOj, 
which  means  a  lowering  of  the  hydrogen  ions,  an  alkalosis  of  the 
blood  instead  of  the  acidosis  of  earlier  theories;  and  5,  a  compen- 
satory disappearance  of  nalkali  from  the  blood.  In  complete  acclicMtti- 
zation  to  any  altitude  the  volume  of  air  breathed  is  in  inverse 
proportion  to  the  amoimt  of  alkali  in  the  arterial  blood.  Unquestion- 
ably the  oxygen  tensions  in  the  lungs  and  arterial  blood  give  the 
condition  to  which  the  organism  adjusts  its  respiratory  activity. 

Haldane  (45)  explains  these  hemato-respiratory  changes  of  acclima- 
tization as  follows:  The  hydrogen  ion  concentration  of  the  blood 
is  regulated  with  great  deUcacy  by  the  respiration  on  the  one  hand 
and  the  kidneys  and  the  liver  on  the  other,  the  respiration  doing  the 
rough  and  immediate  work  by  increasing  or  decreasing  the  elimination 
•  of  carbon  dioxide,  and  the  kidneys  the  finer  and  slower  work  by  ad- 
justing fixed  alkalies  and  acids.  Oxygen  want  serves  as  an  additional 
stimulus  to  the  respiratory  center,  causing  an  increased  amoimt  of 
carbon  dioxide  to  be  washed  out  of  the  arterial  blood.  This  loss  of 
carbon  dioxide  makes  the  blood  abnormally  alkaline  and  causes  the 
kidneys  and  liver  to  slowly  redress  the  balance,  the  kidneys  by  ex- 
creting the  excess  of  alkali  and  the  Uver  by  suppressing  the  accumu- 
lation of  free  ammonia. 

The  evidence  in  favor  of  the  latest  theory  is  the  work  of  a  nmnber 
of  laboratories.  That  the  respiratory  center  is  directly  stimulated 
by  oxygen  deficiency  is  indicated  by  experiments  of  Gasser  and  Loe- 
venhart  (38)  on  animals  and  Lutz  and  Schneider  (66)  on  men,  in  which 
they  find  that  the  hyperpnea  may  be  excited  by  want  of  oxygen  within 
4  to  35  seconds,  average  about  14.5  seconds;  a  time  too  brief  to  make 
it  probable  that  the  stimulation  is  due  to  the  accumulation  of  meta- 
bolites in  the  blood  or  the  respiratory  center.  Haldane,  Kellas  and 
Kennaway  (49)  also  conclude  that  oxygen  deficiency  per  se  can  act 
as  a  stimulus  to  the  respiratory  center. 

That  there  occurs  increased  breathing  and  a  blowing  off  of  carbon 
dioxide  is  clear  from  the  alveolar  air  studies  cited  under  oiu*  discussion 
of  respiration.  Theoretically  the  alveolar  carbon  dioxide  is  propor- 
tional to  the  carbon  dioxide  content  of  the  blood.  In  addition  direct 
measurements  of  the  carbon  dioxide  content  by  Paul  Bert  ( 10)  and 
Mosso  and  Marro  (71)  on  dogs  and  by  Sundstroem  (92),  by  VanSlyke's 
method  on  himself,  confirm  the  opinion  that  low  oxygen  tensions 
cause  a  loss  of  carbon  dioxide  from  the  blood. 
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In  1918,  by  simultaneous  determination  of  carbon  dioxide  content 
and  carbon  dioxide  capacity  (which  is  a  measure  of  the  alkalinity)  of 
the  bldod,  Y.  Henderson  and  Haggard  (55)  have  shown  that  a 
decrease  of  the  former  is  followed  by  a  decrease  in  the  latter,  but 
that  a  lading  behind  of  the  carbon  dioxide  capacity  may  occur.  In 
a  later  paper  they  cite  experiments  made  upon  men  by  this  method 
by  Lutz  and  Schneider  (44)  in  which  Ihe  blood  alkali  during  periods 
from  60  to  90  minutes  of  oxygen  deficiency  was  not  reduced,  even 
though  the  carbon  dioxide  was  reduced  and  the  normal  ratio  H2CO8: 
NaHCOj  was  changed  in  the  direction  of  a  temporary  alkalosis. 
Simdstroem  (92),  during  the  first  two  days  of  a  sojourn  at  14,110 
feet,  found  the  urinary  excretion  of  base  much  less  than  later,  while 
the  hydrogen  ion  determination  of  the  blood  indicated  an  alkalosis. 

That  later  the  kidneys  and  liver  restore  the  hydrogen  ion  content  of 
the  blood  has  been  proven  in  several  ways.  Hasselbalch  and  Lindhard 
(53)  foimd  that  the  H-ions  of  the  urine  were  reduced  for  several  days 
and  returned  to  normal  only  after  acclimatization  was  established,  and 
that  the  excretion  of  ammonia  was  also  relatively  decreased  and  con- 
tinued somewhat  low  even  after  acclimatization.  This  latter  condition 
Haldane  (49)  considers  an  evidence  of  a  slight  continuous  alkalosis. 
By  carefully  constructing  balance  sheets  of  all  the  acid  and  basic  ele- 
ments in  the  food,  feces  and  urine  and  thus  obtaining  the  total  acid- 
base  balance  of  the  body  at  low  and  high  attitudes,  Sundstroem  (92) 
at  high  altitudes  found  an  increased  output  of  base  which  consisted 
largely  of  fixed  alkalies.  He  also  obtained  a  decrease  in  the  ammonia 
output  which  he  explained  as  a  corollary  to  the  increased  elimination 
of  fixed  alkaUes.  In  this  connection  it  should  be  noted  that  Macleod 
(67)  has  suggested  that  an  excess  of  lactic  acid  in  anoxemia  may  per- 
form the  function  of  neutralizing  the  relatively  increased  base.  Sund- 
stroem, however,  found  that  excretion  of  lactic  acid  did  not  increase. 
Haldane,  Kellas  and  Kennaway  (49)  have  shown  the  titrable  acids*, 
as  well  as  the  ammonia,  of  the  urine  are  much  reduced  during  exposure 
to  oxygen  deficiency.  These  observations  clearly  indicate  that  it  is 
the  function  of  the  Uver  and  kidneys  to  restore  the  H-ion  content  of 
the  blood  resulting  from  the  loss  of  carbon  dioxide,  and  thus  to  give 
the  final  hemato-respiratory  equiUbrium  of  acclimatization.  It  is  also 
evident  that  the  total  alkalinity,  the  alkaline  reserve,  is  reduced  in 
inhabitants  of  high  altitudes. 

There  is  a  lack  of  agreement  as  to  what  maintains  the  greater  venti- 
lation of  the  limgs  and  the  low  alveolar  carbon  dioxide  after  acclimati- 
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zation.  Barcroft  (7)  found  that  at  any  altitude  the  acidosis  and 
diminution  of  carbon  dioxide  so  nearly  balance  one  another  that  the 
reaction  of  the  blood  remains  practically  constant;  and  yet,  he  has  been 
able  to  show  by  a  statistical  study  that  there  was  a  slight  increase  in 
acid  over  the  sea  level  amount,  and  this  he  considered  sufficient  to 
give  the  respiratory  center  the  sUght  stimulation  which  would  accoimt 
for  the  altitude  increase  in  lung  ventilation.  Simdstroem,  by  an  indi- 
cator method,  finds  a  slight  acidosis  of  the  blood  after  successful 
acclimatization  that  lends  support  to  Barcroft's  position. 

Hasselbalch  and  Lindhard  (53)  give  a  diJBFerent  interpretation. 
They  find  in  acclimatization  that  the  H-ion  concentration  of  the 
blood  is  the  same  at  all  altitudes;  and  hold  that  the  primary  change 
is  in  the  respiratory  center,  which  becomes  abnormally  sensitive  to 
the  H-ions,  resulting  in  increased  breathing. 

Haldane  (45)  is  of  the  opinion  that  while  after  acclimatization  the 
H-ions  are  again  probably  nearly  the  same  as  at  sea  level  yet  the 
restoration  is  never  quite  complete,  so  in  the  end  there  continues  a  slight 
alkalosis  which  gives  evidence  of  a  continued  though  sUght  oxygen  want, 
and  it  is  this  that  still  permits  action  of  diminished  oxygen  on  the 
respiratory  center.  Henderson  (44)  believes  that  it  is  a  low  oxygen 
to  alkali  ratio  that  tends  to  stimulate  respiration.  Or  rather,  it  is 
the  low  oxygen:  alkaU  ratio  which  produces  the  respiratory  x,  that 
stimulates  the  respiratory  center.  He  declares  that  it  is  not  enough 
to  say  that  oxygen  deficiency  is  itself  a  stimulus  or  that  it  governs 
the  excitability  of  the  respiratory  center  for  carbon  dioxide,  as  these 
leave  the  question  of  how  it  does  this  unanswered.  He,  therefore, 
postulates  an  unknown  substance,  labeled  respiratory  x,  that  is  formed 
by  the  action  of  the  oxygen:  alkali  ratio. 

During  the  early  stages  of  adjustment  to  the  low  oxygen  tension 
of  high  altitudes,  the  condition  in  the  blood  is  favorable  to  a  serious 
oxygen  want.  The  loss  of  carbon  dioxide  from  the  blood  should  mean 
an  increased  affinity  for  oxygen.  When  the  blood  is  in  the  lungs 
this  would  lead  to  a  better  absorption  of  oxygen  than  normally;  how- 
ever, when  the  blood  is  in  the  systemic  capillaries  the  opposite  is  the 
case  and  this  same  affinity  then  prevents  as  free  a  passage  of  oxygen 
outward  from  the  blood  as  normally  would  occur  at  lower  altitudes. 
Therefore,  until  the  Uver  and  kidneys  overcome  the  alkalosis  of  the 
blood  the  tissues  of  the  organism  suffer  an  oxygen  want  to  a  greater 
degree  than  they  will  later.  The  restoration  of  the  normal  hydrogen- 
ion  content  of  the  blood,  in  that  it  restores  the  oxyhemoglobin  disso- 
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dation  curve  to  about  its  sea  level  value,  must  be  regarded  as  an 
important  factor  in  acclimatisation. 

Mountain  sickness.  The  aviator,  as  has  been  previously  pointed 
out,  does  not  suffer  from  mountain  sickness  but  simply  from  oxygen 
want.  The  degree  appears  to  be  determined  chiefly  by  two  factors, 
namely,  the  partial  pressure  of  oxygen  in  the  alveolar  air  of  the  lungs 
and  blood,  and  by  the  degree  of  alkalosis  of  the  blood.  The  latter  as 
shown  above  affects  the  oxyhemoglobin  dissociation  by  preventing  the 
normal  dissociation  of  oxygen  and  thus  decreases  the  amount  that 
passes  to  the  tissues.  The  effects,  as  indicated  by  the  recorded  symp- 
toms, appear  to  be  chiefly  caused  by  want  of  oxygen  in  the  brain. 

A  complete  explanation  of  mountain  sickness  has  not  yet  been  given. 
Without  doubt  it  is  chiefly  due  to  anoxemia,  so  that  such  of  the  older 
theories  as  attribute  it  to  mechanical  causes  and  to  the  absence  of 
carbon  dioxide  may  be  here  neglected.  Barcroft  (7)  believes  that 
mountain  sickness  is  caused  by  want  of  oxygen  on  the  brain  itself,  but 
that  the  vomiting  center  is  stimulated  by  the  lack  of  acid  in  the  blood. 
He  points  out  that  the  sjmaptoms  of  mountain  sickness  resemble  those 
of  a  hemorrhage.  As  a  preventive,  he  urges  that  acids  be  courted  by 
physical  exercise. 

Y.  Henderson  and  Haggard  (44)  believe  that  their  postulated  re- 
spiratory X  may  cause  the  symptoms  of  mountain  sickness,  in  that  it 
at  first  acts  very  much  like  ethyl  ether  in  the  excitement  stage;  while 
its  later  effects  resemble  the  disagreeable  manifestations  of  alcoholic 
intoxication. 

Haldane,  Kellas  and  Kennaway  are  unable  to  say  to  what  extent ' 
mountain  sickness  is  due  to  anoxemia  or  to  the  secondary  diminution  of 
the  H-ions  of  the  blood  (alkalosis),  but  they  believe  the  two  causes 
are  closely  bound  up  together.  Sundstroem  states  that  it  is  possible 
that  mountain  sickness  can  be  directly  explained  as  a  failure  of  the 
kidneys  to  respond  sufficiently  quickly  to  the  excess  of  bases  in  the 
blood.  He  found  an  alkalosis  of  the  blood  during  his  attack  of  moun- 
tain sickness,  and  a  normal  H-ion  concentration  in  the  afternoon  of 
the  same  day,  when  the  symptoms  of  mountain  sickness  had  entirely 
disappeared.  Haldane,  Kellas  and  Kennaway  are  of  the  opinion 
that  good  toleration  of  high  altitudes  is  dependent  upon  the  ability 
to  quickly  eliminate  the  excess  of  blood  alkaUes.  The  observations 
of  Mosso  (71)  and  of  Hasselbalch  and  Lindhard  (53)  that  the  symptoms 
of  moimtain  sickness  were  reduced  by  the  inhalation  of  proper  dilutions 
of  carbon  dioxide,  and  Barcroft's  suggestion  of  courting  acid,  find  a 
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satisfactory  explanation  in  the  theory  that  alkalosis  is  at  least  a  second- 
ary cause  of  the  sjmiptoms  of  mountain*  sickness. 

The  cmcuiiATORY  mechanism  at  high  altitudes:  The  heart  rate. 
The  response  of  the  heart  to  oxygen  deficiency  gives  a  good  illustration 
of  the  fact  that  the  behavior  depends  upon  the  suddenness  and  the 
extent  of  the  changes  in  oxygen.  Lutz  and  Schneider  (66)  by  having 
men  inspire  nitrogen,  obtained  an  acceleration  of  the  heart  in  from 
5  to  55  seconds,  in  66  per  cent  of  all  cases  within  15  seconds  or  less. 
In  a  low  pressure  chamber,  in  which  the  barometric  pressure  was 
lowered  at  a  rate  corresponding  to  an  ascent  of  1000  feet  a  minute, 
26  per  cent  of  all  cases  showed  an  increase  at  tensions  of  oxygen  equiva- 
lent to  an  altitude  of  4000  feet  or  less.  In  airplane  flights  the  psychic 
influence  of  the  excitement  of  taking  off  usually  obscures  the  begining 
of  the  low  oxygen  effect,  but  Hodgson  (56)  has  recorded  several  flights 
to  16,000  feet  in  which  the  tjrpical  low  oxygen  action  is  well  illustrated. 
The  experiments  of  Lutz  and  Schneider  and  the  statistical  study  of 
Schneider  and  Truesdell  (85)  show  that  the  heart  rate  slowly  and  gradually 
increases  imtil  the  oxygen  tension  is  about  that  of  14,000  feet,  and 
from  there  on  the  increase  is  by  much  greater  increments  for  each 
thousand  feet  of  ascent.  The  increase  averaged  15  beats  at  15,000 
feet  and  20  at  18,000  feet. 

Schneider  (79),  Lutz  and  Schneider  (66)  and  Haldane,  Kellas  and 
Kennaway  (49)  observed  that,  if  a  constant  level  of  low  oxygen  be 
maintained  for  an  hour  or  more,  the  rate  in  many  cases  again  retards, 
although  in  some  there  is  a  continued  augmentation  during  the  entire 
time  of  maintained  level. 

In  the  slow  ascent  of  motintains. which  is  followed  by  a  sojourn  of 
weeks  or  months  the  story  is  different.  The  early  literature  has  been 
reviewed  by  Durig  and  Kolmer  (26)  and  Schneider  and  Sisco  (83). 
If  the  ascent  be  made  passively  by  railway  to  14,000  feet  there  is, 
as  a  rule,  no  acceleration  during  the  ascent.  What  happens  later 
appears  to  depend  on  the  physical  condition  of  the  subject.  If  he 
compensate  well  to  the  altitude  his  pulse  rate,  at  rest,  will  not  show 
an  increase  for  some  hours;  but  by  the  next  morning  the  rate,  while 
in  bed,  will  be  slightly  accelerated  and  continue  to  show  a  further 
increase  each  morning  for  from  3  to  5  days.  In  those  less  tolerant  to 
altitude  the  heart  accelerates  as  the  attack  of  mountain  sickness  comes 
on,  so  the  early  morning  rate  may  reach  its  maximum  by  the  first  morn- 
ing. As  the  attack  passes  off  the  heart  retards.  In  men  who  climb 
the  mountain  on  foot  or  on  a  burro  or  horse,  the  fatigue  of  the  climb 
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causes  the  pulse  rate  to  resemble  that  in  mountain  sickness.  The  great- 
est augmentation  occurs  in  men  physically  weak.  The  daily  variations 
in  pulse  rate  show  the  same  proportionate  increase  as  the  early  morning 
rate  when  compared  with  similar  conditions  at  lower  altitudes.  While 
a  number  of  authors  have  thought  the  pulse  extraordinarily  labile  at 
high  altitudes,  Schneider,  Sisco  and  Cheley  (84)  did  not  find  it  necessa- 
rily so.  The  heart  works  at  an  increased  rate  in  all  postures  at  high 
altitudes,  with  about  the  same  differences  as  at  the  low  altitude.  The 
amoimt  of  increase,  of  course,  differs  with  individuals,  some  show,  at 
14,000  feet,  an  augmentation  of  only  a  few  beats;  while  others  increase 
10  or  more  over  the  low  altitude  rate. 

During  a  prolonged  sojourn  at  a  high  altitude  the  heart  rate  may 
show  a  gradual  daily  increase  for  about  a  week  or  two,  but  as  other 
adaptive  changes  reach  their  maximum  eflSciency  there  is  a  tendency 
to  return  toward  the  low  altitude  rate  (23).  In  only  rare  cases  does  it 
completely  return  to  the  low  altitude  normal. 

The  ** after-effects"  of  a  visit  to  a  high  altitude  differ  from  those 
observed  for  respiration.  After  an  exposure  to  oxygen  deficiency  for 
an  hour  or  so  the  heart  returns  at  once  to  its  normal  rate,  but  if  the 
stay  has  been  long  enough  for  the  permanent  changes  of  acclimatization 
then  the  return  to  a  low  altitude  may  be  followed  by  a  subnormal 
rate.  Durig  and  Kohner  (26),  Schneider  (78)  and  others  (52),  (92) 
have  foimd  a  subnormal  period  that  lasts  many  days.  All  observers 
agree  that  up  to  altitudes  of  8000  or  9500  feet  the  acclimatized  inhabi- 
tants do  not  show  an  altitude  augmentation  in  heart  rate. 

The  arterial  pressures.  The  cirtJulatory  responses  to  oxygen  defi- 
ciency as  experienced  during  the  short  exposures  in  aviation  have  been 
the  subject  of  a  number  of  papers  from  Medical  Research  Laboratory 
of  the  Air  Service  of  the*  Army  (79),  (66),  (43),  (64),  (85).  In  a  rapid 
ascent  to  15,000  or  20,000  feet,  if  the  psychic  factor  be  not  active, 
the  systolic  pressure  in  a  good  compensation  remains  unchanged  or 
shows  a  slight  gradual  rise  of  not  more  than  10  or  15  mm.  The  dias- 
toUc  pressure  is  also  maintained  to  oxygen  tensions  corresponding  to 
15,000  feet  and  thereafter,  as  higher  altitudes  are  attained,  slowly 
decreases  by  about  8  to  10  mm.  If  the  compensations  to  the  low 
oxygen  be  inadequate  the  aviator  is  liable  to  develop  a  fainting  cir- 
culatory reaction  of  which  a  rapid  fall  in  the  systolic  and  diastolic 
pressures  gives  evidence  of  the  oncoming  syncope.  The  various  types 
of  circulatory  reaction  have  been  described  in  detail  by  Schneider  and 
Truesdell  (85). 
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The  arterial  blood  pressures  of  people  living  in  the  mountains  have 
been  made  a  frequent  subject  of  study.  The  early  Uterature  has 
been  reviewed  by  Schneider  and  Hedblom  (81)  and  Dung  and  Kolmer 
(26).  The  conclusions  of  the  Anglo-American  Pike's  Peak  Expedition 
(23)  and  of  Schneider  and  Sisco  (83),  who  have  examined  a  goodly 
number  of  men,  are  that  the  altitude  effects  in  those  who  ascend  the 
mountain  passively  are  so  slight  that  they  fall  for  the  most  part  within 
the  errors  of  observation.  In  the  majority  of  healthy  men  at 
14,110  feet  the  arterial  pressures  were  normal  for  them;  in  some  there 
occurred  a  slight  fall  and  in  a  few  a  slight  rise.  However,  during 
an  attack  of  mountain  sickness  and  in  some  cases  during  the  first  days 
of  inadequate  compensation  both  the  systolic  and  diastoUc  pressures 
are  above  normal. 

Venoxis  and  capillary  pressures.  These  pressures  have  not  received 
much  attention  in  anoxemia.  Under  the  acute  conditions  of  rebreathing 
and  low  pressure  chamber  experiments  of  from  25  to  45  minutes  dura- 
tion, the  low  oxygen  reduced  the  venous  pressure  (80).  On  Pike's 
Peak,  Schneider  and  Sisco  found  a  lower  venous  pressure  than  at  low 
altitudes.  A  few  capillary  pressure  determinations  with  Lombard's 
device  indicated  that  this  pressure  was  slightly  lower  on  Pike's  Peak. 

Volume  of  blood  flow.  This  subject  has  been  difficult  to  approach 
because  of  the  lack  of  a  satisfactory  direct  method  of  determining  the 
per-minute  output  of  the  heart.  The  Anglo-American  Pike's  Peak 
Expedition  concluded,  from  observations  by  means  of  a  recoil  board 
and  from  the  pulse  pressure,  that  the  volume  of  the  heart  strokes  con- 
tinued practically  the  same  on  Pike's  Peak  as  under  ordinary  barometric 
pressure.  In  one  man,  however,  the  heart  stroke  appeared  to  be 
somewhat  diminished.  The  volume  of  the  blood  stream  per  minute 
in  one  subject  was  decidedly  decreased,  in  another  unchanged  and  in 
two  others  somewhat  increased.  Schneider  and  Sisco's  records  show 
that  the  pulse  pressure  averages  sUghtly  less  on  Pike's  Peak,  but  that 
with  two  exceptions  the  difference  is  too  small  (2  nmi.)  to  be  signif- 
icant. They  beUeve  that  their  recoil  board  records,  along  with  those 
of  pulse  pressure,  indicate  that  in  four  men  the  output  per  heart  stroke 
was  the  same  at  both  altitudes,  but  in  another  was  reduced  at  the 
high  altitude.  Using  Stewart's  method  of  measuring  the  amount  of 
blood  flow  through  the  hand,  by  determining  the  amount  of  heat  given 
off  in  a  water  calorimeter,  they  found  the  circulation  rate  through  the 
hands  was,  for  six  subjects,  from  30  to  76  per  cent  greater  on  Pike's 
Peak.    These  observations,  supplemented  by  those  of  the  recoil  board 
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and  pulse  pressure  and  the  fact  that  the  pulse  rate  had  augmented,  led 
them  to  conclude  that  the  circulation  rate  as  a  whole  was  more 
rapid.  Bainbridge  (5)  has  pointed  out  that  this  increase  in  blood 
flow  through  the  hands  may  be  due  to  a  dilatation  of  the  limb-vessels 
counterbalanced  by  vasoconstriction  elsewhere,  presumably  in  the 
splanchnic  area. 

Hasselbalch  and  Lindhard  (53),  in  six  experiments  in  a  low  pressure 
chamber,  at  a  barometric  pressure  somewhat  imder  12,000  feet,  using  a 
respiratory  nitrous  oxide  method  developed  by  Krogh  and  Lindhard, 
found  a  slight  increase  in  the  output  of  the  heart  in  three  of  the  tests. 
The  fact  that  this  increase  was  slight  and  that  the  flow  was  unaltered 
in  the  other  experiments  led  them  to  conclude,  that  the  output  of  the 
heart  is  not  increased  at  high  altitudes  during  rest. 

Kuhn  (61),  using  the  respiratory  method  of  Plesch  at  an  altitude 
of  11,000  feet,  found  that  the  output  per  heart  stroke  was  decreased 
in  two,  unchanged  in  one  and  increased  in  the  fourth  man;  while  the 
per  minute  volmne  output  of  the  heart  was  somewhat  augmented  in 
each  subject  (3.2,  6.8,  8.3  and  28.1  per  cent). 

Lutz  and  Schneider  (66)  find,  in  low  pressure  chamber  experiments, 
indications  of  an  increased  blood  flow  in  the  augmentation  in  the  rate 
of  heart  and  in  changes  in  the  arterial  pressures,  which  result  in  an 
increase  in  the  pulse  pressure.  They  also  find  that,  when  a  constant 
level  of  oxygen  is  maintained,  the  heart  rate  may  diminish  and  the 
pulse  pressure  again  decrease.  The  interplay  of  the  various  circulatory 
factors  throughout  their  experiments  seems  to  support  the  theory 
of  an  increased  blood  flow  during  anoxemia. 

That  the  volmne  of  blood  passing  through  the  lungs  during  acute 
anoxemia,  in  an  anesthetized  cat,  was  the  same  as  under  ordinary  at- 
mospheric air  has  recently  been  demonstrated  by  Doi  (105),  by  the  use 
of  a  method  in  which  the  oxygen  consumption  per  minute  and  the  oxygen 
content  of  arterial  and  venous  blood  were  determined.  From  the  minute 
volume  thus  obtained  he  calculated  that  the  output  of  each  heart  beat 
had  decreased.  Doi's  findings  are  by  means  of  a  more  direct  method 
than  others  reported  above  and  make  it  appear  that  the  acceleration 
of  the  heart  in  anoxemia  is  a  symptom  of  distress  and  not  of  compensa- 
tion. This  problem  of  the  volume  of  the  blood  stream  from  the  heart 
needs  further  study  by  these  more  direct  methods  under  more  natural 
conditions  than  obtain  in  the  use  of  anesthetics.  To  the  writer  it 
does  not  seem  likely  that  the  acceleration  of  the  heart  which  appears 
at  the  same  time  as  the  respiratory  changes,  in  acute  anoxemia,  is 
merely  a  distress  symptom. 
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Exercise.  Physical  exertion  makes  greater  demands  on  the  heart  and 
blood  vessels  at  very  high  than  low  altitudes.  Just  at  what  altitude  this 
begins  has  not  been  investigated.  Schneider,  Cheleyand  Sisco  (84) 
found  that  the  arterial  pressiu'es  were  higher  after  a  given  form  of  work 
at  the  high  than  at  the  low  altitude  and  that  the  influence  of  lowered 
barometric  pressure  was  the  more  pronounced  the  more  vigorous  the 
exertion.  The  increased  reaction  to  exercise  was  most  conspicuous 
during  the  first  days  of  residence.  While  the  effects  were  lessened  by 
acclimatization  for  moderate  exertion,  they  did  not  show  improve- 
ment in  strenuous  exercise  The  systolic  pressure  after  short  quick  runs 
was  as  high  as  during  a  maximum  Uft  of  weights.  Further  evidence 
of  greater  exercise  demand  on  the  heart  was  that  the  delay  in  the 
return  to  normal  was  as  prolonged  as  after  exhaustive  exercises.  In 
physically  fit  men  the  influence  of  altitude  in  exercise  was  less. 

Clinicians  have  found  that  as  a  rule  the  danger  to  the  heart  in  high 
altitudes  is  overstrain  from  exercise  and  is  not  specifically  due  to 
altitude.  Schrumpt  (86)  finds  that  up  to  7,000  feet  pathological 
blood  pressures  are  improved.  Zederbaum  (103),  Wyss  (102)  and  others 
point  out  a  fear  of  altitude  among  the  laity  and  even  medical  men  that 
is  imwarranted;  and  show  that  altitudes  up  to  6000  or  7000  feet 
benefit  many  forms  of  heart  disease. 

Accepting  then,  for  the  present,  only  such  factors  as  have  been 
clearly  demonstrated  to  serve  in  the  compensation  to  anoxemia,  we 
may  rank  them  as  follows:  1,  increased  respiration;  ;^,  chemical  altera- 
tions in  the  blood;  and  S,  increased  hemoglobin.  The  respiratory 
change  ranks  first  because  by  this  means  the  partial  pressure  of  the 
oxygen  in  the  lungs  is  raised  above  what  it  would  normally  be  at  the 
altitude.  This  favors  not  only  the  absorption  of  oxygen  in  the  lungs 
but  also,  after  acclimatization,  the  passage  of  oxygen  from  the  blood 
to  the  tissues.  Since  the  alkalosis  resulting  from  augmented  breathing 
interferes  with  the  passage  of  oxygen  from  the  blood  to  the  tissues, 
it  cannot  be  questioned  but  that  the  restoration  of  the  normal  H-ion 
content,  by  the  elimination  of  the  excess  of  alkali,  constitutes  a  com- 
pensatory process  of  almost  if  not  equal  importance  with  the  increase 
in  breathing.  The  advantage  gained  by' the  increase  in  hemoglobin  is 
not  so  obvious.  Barcroft  (6)  finds  the  increase  of  but  little  value 
since  even  if  it  be  suflScient  to  restore  to  normal  the  actual  quantity  of 
oxygen  in  1  cc.  of  blood  then,  because  of  the  decrease  in  oxygen  pressure, 
the  rate  of  dissociation  will  be  so  slow  that  it  will  not  allow  the  oxygen 
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to  pass  to  the  tissues  in  anywhere  near  the  same  proportions.  Haldane 
(49)  considers  the  advantage  of  the  increase  in  hemoglobin  due  to  the  fact 
that  the  partial  pressure  of  oxygen  in  the  blood  of  the  systemic  capil- 
laries is  prevented  from  falling  as  low  as  it  otherwise  would. 
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